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ABSTRACT

~
\_.) The principal objective of thié program was to study the application of the band-pass
principle to aircraft landing gear shock struts. The program included both theoretical
and experimental evaluation. The first portion of the theoretical studies was devoted to
the design and evaluation of a band-pass unit for the McDonnell F4H-1 MLG shock
strut. The second part of the theoretical studies was the design and evaluation of a unit
for the North American A3J-1 MLG shock strut,

The experimental program consisted of the fabrication of a band-pass unit and modifi-
cation of the A3J-1 shock strut to utilize it and the test program conducted in the drop
test tower over the 120 inch dynamometer.

The principal result or conclusion coming from the program is that loads arising from
arresting cable impact, into the unsprung mass (tire, wheel, axle, and inner cylinder of
shock strut) are not alleviated to any appreciable degree through use of the band-pass
principle. The incremental increases in loads through the landing gear attach points
into the aircraft structure, however, may be reduced up to 50%. { ; ‘

N
This report covers all phases of study as outlined above, )

PUBLICATION REVIEW

The publication of this report does not constitute approval by the Bureau of Naval
Weapons of the findings or conclusions contained herein. It is published only for the

exchange and stimulation of ideas.
SIGNATURE: W
R, F. Gregoritz

By Direction
Bureau of Naval Weapons
Representative/Mishawaka, Ind.
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SECTION I
INTRODUCTION

‘The principle of "band-pass',as taken from electrical analogy, was first applied to shock
absorbers by Mr. Emanuel Schnitzer while working for NACA. A paper was presented
explaining this principle - NACA Technical Note 3808 dated October, 1956, and the
principle was further studied by experimental test as reported in NACA Technical Note
4387, dated Septembsr, 1958,

The basic concept of ''band-pass'’ as applied to a landing gear system is to provide a
shock-absorbing system capable of satisfactory performance under normal landing impact
operation, and at the same time provide satisfactory performance at higher frequency
impact such as bump contacts. The basic mechanism to achieve this aim, termed "band-
pass,"” consists of a preloaded poppet valve backed up by a control chamber. An inlet and
outlet bleed aystem on this chamber causes the pressure within the chamber to vary
according to the rate of fluid transfer {rom the main dynamic chamber to the upper
chamber of the strut. A high rate of fluid transfer causes the pressure to drop consider-
ably below the fluid pressure within the dynamic chamber, thus opening the valve. A low
rate of fluid transfer causes the pressure within the control chamber to be only slightly
less than that of the dynamic chamber, allowing the preload of the vaive to maintain it in
a closed position. In summary. the principle of the mechanism is to increase the fluid
metering orifice size for high rates of fluid transfer (bump loading} while maintaining
the conventional metered orifice for normal rates of fluid transfer such as encountered

in landing impact.

There are many possible design approaches for "band-pass.”” However, prior to the
present program only one was exparimentally tested in a shock strut. As stated by

Mr. Schnitzer in his report, the intent of his test program wa.s to verify the principles,
and not to optimize any ore design. The resulis obtained indicated that ""band pass''re-
duced the loads transferred to the support structure and wheel assembly from '""bump-
type" impact loads. The test gear was compared directly with the same gear incorporat-
ing a conventional fixed-orifice design. It must be pointed out however, that this test
gear was a very simple design and not characteristic of present-day high performance
fighter aircraft. This indicated the need for further enginecring and analytical effort to
substantiate the practicality of the '"rand-pass' principle in present and futiure landing
gear designs. Further tests were required to determine if there were any inherent dis-
advantages to the system before consideration could be given to Including it on any pro-
duction hardware.

1-1



As a result of Schnitzer's work, a 'band-pass’ modified shock strut appeared attractive
for numerous applications. Failures of wheel {langeas caused by bottoming of the tire
when landing cver the cable on carrier operation could possibly be reduced und weight
recuction realized with the band-pass modifizd shock strut. ¥/ith faster teiescoping
velocities, such as encountered with bumps, "band-pass’ might enable the strut to absorb
higher peak loads and reduce the wheel flange loadings. The spin-up loads of the gear
might be reduced by the ""band-pass’ action anc' could result in possible structural weight
reduction. The magnitude cf this load reduction would have to be determined from a test
program since there are so many physical variables that could alter the performance.

"Band-pass’’ modified shock struts could possibly permit operation from dispsrsed sites
that have been heretofore impractical. This would include more liberal operational use
in choppy water and rougher tecrain in the Arctic. All gains in performance and versa-
tility are dependent on the degree of load reduction and basic design limitations. Another
possibility of improvement would be controlied gear extension after carrier catapulting.
A history of failures have been experienced from this type of operation and the corrective
change results in weight addition.

It proper performance could be realized with "band-pass,” the net result might be weight
reduction and solutions of the problems mentioned above. The above improvements ws-e
all conjectures that the "band-pass’ design might be completely successfu!. Only by a
thorcugh engineering study and development weuld a definite conclusion be avaiiable.

The Bendix Products Aerospace Division therefore embarked upon u program of study,

both theoretical and experiinental, tc evaluate the "‘band-pass'' modified shock strut. This
report will discuss the program and the results ottainec.
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SECTION 11

TECHNICAL DISCUSSION-McDONNELL
F4H-1 MLG THEORETICAL STUDIES

INTRODUCTION

The purpose of the analytical study of the band-pass mechanism as applied to landing
gear shock strut operation is threefold. The first purpose of the study is to provide a
ineans for the rapid evaluation of any particular band-pass shock strut configuration. The
analyticai simulation of the band-pass raechanism incorporated into a complete landing
gear system allows one to study the dynamic loads and other performance criteria for a
variety of landing and taxiing conditions.

Closely linked to this first purpose is the second purpose of the analytical study, the
improvement in any given design of the bana-pass shock strut mechanism by parameter
adjustmert. Through use of the aralytica! simulation, it is possible to adjust any one of
the system's parameters so a8 to improve the paerformance for the whoie apectrum of
lanaing conditions.

The third purpose of the gnalytical study is to provide general design criteria by making
use of perfcrmance data obtained for a wide range of system parameter variationz As
noted in the original proposal, ~oncise generalized design criteria mav not be possible to
develop due to the large number of variables involved in the system, but the minimum
results of this study were to be the development of techniques for the rapid analytical
investigation of any given system. Both of these objectives have been achieved. This
will be discussed later in the report.

Discyssion of band-Pass Mechanism

Since the problem to be attacked was new in several respects, the mathematical model
used in the ans.ysis was fairly extensive. Fortunately, portions of the problem were
studied previoualy and use was made of results ottained in these studies in the analysis
of the present miechanism and the formulation of a suitable mathematical model.

The landing gear system was idealized to a three-mass jumped-mass system. The three
masses 3re:

1. The mass of the weight supported by a single gear (the main mass)

2. Tuws inass of the uisprung parts (the »nsprung mass)




3. The effective fore and aft lumped-mass at the axle.

Each of these masses has a degree of freedom associated with it. The vertical motion
of the main mass will be designated as Z1, the vertical motion of the unsprung mass wiil
be designated as Z2, and the fore and aft motion of t:e effective mass at the axle will be
designated as x. There is also the degree of freedom w, which is the angular velocity of
the tire.

In addition to the assumption of a lumped-mass system, further assumptions include: the
assumption that the inclination of the strut may be ignored for caster angles up to ten
degrees, the assumption that the bearing friction force 18 iniependent of the relstive
velocity between the bearings and their sliding surfaces, the assumptior. that the ic ~ and
aft stiffness of the strut is independent of the stroke, the assumption that the dynamiv
effect of the moving-bearing normal force is insignificant, the assumption that the poly-
tropic constant of the air compression process is constant and unity, the assumption that
the orifice discharge coefficient of all orifices within the system is constant, the assump-
tion that the fluid flow is turbulent at all times, and the assumption that the highest modes
of motion of the strut fore and aft motion do not exist. The idealization afforded by the
above assumptions has been found to be adequate in experimental and theoretical studies
of the landing impact problem.

Two types of band-pass mechanisms were considered initially. The first is the ccmplex
multi-function system which was built and used in the experimaontal studies described in
Reference 2. The second is a simplified system which performs only the function of a
rete sensitive orifice aize.

Schematics of Type I and Type O Band-Pass Mechanisms along with the mathematical
models and derjvation of the equations of motion are shown in Appendix A.

Section I Program

The work accomplished {alls under the following categories:

1, Incorpora:ion of changes in the mathematical model as specified in the
contract; namely, modifications of the model to take into cccount the pitch
angle of the 'anding gear and airplane

2. Changes in the mathematical model found neceesary for simulation of the
cable impact phenomena; namely, modification of the tire model to one
having regions of differing elasticity and modification of the bump contour
to simulate the tire mode shape.

3. Computer investigation of the F4H-1 main landing gear system with a band-
pass unit for ncrmial landing and bump impact conditions

4. Analysis of computer results
5. Investigation of possible modificatione in the F4K-1 main gear to make it
adaptable to a band-pass unit.
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DISCUSSION
Cear Pitch Angle

Based on previous experience the pitch angie of the landing gear was assumed to be
consuant zven though fore and aft bending of the strut takes place during the landing roll.
This was found previously to be the better of two equally complex mathematical models
{#qual number < degrees of freedom) approximating the actions of the gear. The two
modele are shown in Figure 2-1 along with the pertinent implications of each model.

Resmea.ne Forct
oF K,A b4 v“?.
LoADS TERAxSMITTED
iNTe SVAJT 1% co™AP

KeSToRiwe womtu
ot Ke 9.
YERLTICM. LOADS
TRANS, TTED

ot By Sink, ¢ INTO STRUT 1w
- - Fv cos g ; Resmer. (prePomEiaT§ ©F
4 ; \ FoR® i ComP Fo tin (- @)
’ ! 4+ )e* Kx sina, & § FCos(og o)
N £ Ka conm, \
\ ts Y/
Y
- a
AcTvaL SvsTem MopsL A

Figure 2-1. Landing Gear Bending Modeis

Tire Model

In addition tc the above modifications, it was {elt that an improvement in the tire model
was necessary., The model given in the proposal consisted of a single nonlinear elastic
element. This model has several drawbacks. For example, f the tire comes into contact.
with a bump of height h and the axle is forced to transverse a straight line patch parallel
to the ground, the single spring tire model develops a force of {( o + h) where { is the
nonlinear spring function and 8¢ is the initial tire deflection. However, in the actual
tiro, the force developed is much less than this quantity since the bump distorts far less
of the foctprint than a total footprint deflection of (h).

This deficiency suggests an improvement in the tire eiasticity model. If the model is

made up of a series of nonlinear elastic elements, then for normal tire loading all spring
elements will be deflected, whiie for "bump' loading only the spring element in the vicinity
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of the bump would be deflected. Thus the vertical load developed for the two cases would
be rcore realistic in comparison to the actual tire load characteristics.

A sacond modification, which would also be necessary with the single spring tire model,
is the conversion of the bump contour to an equivalent contour of equal height but greater
length than the original bump. This is necessary in that the tire deflection is not exactly
equa! to the bump contour. Regions of the tire adjacent to the bump will be deflected even
though no portion of the bump is actually contacting them. This is shown qualitatively in
the {igure below.

AcTuayr AWD APPARENY

‘ L Jurd
BuMp SHAPRE %

l‘!i!! Tiv n .
nﬂlﬁi -E!u
V2N

Figure 2-2. Actual and Appareat Bump Shape

The combination of the two features, multiple spring elements and effective bump contour,
results in a model which describes the loud deflection characteristics of the tire rather
well for both the uniform tire deflection and the bump or localized tire deflection.

The model shown for the F4H-1 tire consisted of three spring elements located at + 4.25
inches from the center and at the center of the tire footprint. Experiments with the tire
were conducted to establish the load deflection characteristics of the tire for uniforin tire
deflection, localized tire deflection, and combinations of both. The bump shape and spring
curves are shown in Figures 2-3 and 2-4. A comparison betweer. experimental and mathe-
matical model data 1s shown in Figures 2-5 and 2-8.

Computer Simulation Study

Tho F4H-1 main landing gear syetem was simulated on a Berkeley 1100 Analog Com-
puter. The setup was such that the band-pass unit could be either wired into the system
for formulation of the F4H-1 gear with band-pass,or disconnected to simulate the standard
landing gear system.

Preliminary runs were made with the standard system to check ths computer simulation
against airplane drop test results. Run No.207 and Run No.212, Ref. McDonnell Memo 33-
520, 171t./sec. and 21ft./sec.,three-point landing dropa, respectively, were used for com-
parison with the computer results.
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The following percent differences in load-stroke phenomena were obtained:

Run No. Energy 9, Max. Load % Max. Stroke %
Airplane | Computer | Diff. [ Airplane [ Computer | Difi. | Airplane | Computer | Diff.

207 621,000 { 600,000 | 8.5 | 53,000 | 50,000 | 5.7 14.20 14.85 4.4

212 L905,000 903,000 | 0.2 | 78,000 | 80,500 |3.2 15.0 15.0 0.0

It was felt that the simulation was adequate and the study of the band-pass unit was begun.

A total of ten runs were made through which it was determined that the F4H-1 main land-
ing gear was not adaptable to the band-pass unit, A sample run (Run No.5) is shown in
Figure 2-7. Specifically it was found that the pressure signal to the hand-pass unit lagged
behind the input (the bump impact forces) to such a degree that the {:apact would be over
with before there was any significant rise in the dynamic pressure of the strut. 'i'hus even
when the band-pass unit opened fully there was no reduction in imnact lcads.

Analysis of Computer Simulation Results

Through an analysis of tae action of the F4H-1 landing gear it was determined that the
excessive lag in the pressure buildup was due to the presence of the high pressure
chamber in series with the orifice flow of the strut. The high pressure chamber of the
F4H-1 main gear is a feature of the gear which allows the gear to be shrunk for retraction
with relatively low loads. This is achieved by incorporating into the strut, in addition to
a low pressure air chamber above u.c dynamic chamber, a high pressure air chamber
below the dynamic chamber statically actuated by mechanical contact with the orifice
support tube. This results, statically, in a stepped air curve. Up to fourteen inches of
stroke, the static resistance of the strut is relatively small. At fourteen inches of stroke
the high pregfsure chamber becomes operative and this chamber can support the static
vertical load of the airplane. For retraction, therefore, the gear can be shrunk approxi-
mately fourteen inches using low shrinking loads.

Dynamically, however, the chamber can be actuated by the buildup of pressure in the
strut. This provides two flow paths for the fluid in the dynamic chamber; first, through
the orifice controlled by the metering pin and second, into the volume made available by
the piston stroke of the high pressure chamber. This type of action results in the time
lag previously mentioned,

It can be shown that the lag between the maximum pressure and the bump force at the
tire i& given approximately by

for a gear of the F4H-1 type as long as
M3 k
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where

At1 = time lag

A = wave length of bump as seen by tire

v = forward velocity of airplane

M = unSprung mass

k = effective spring rate of high pressure air chamber

In contrast to this, a conventional gear will have a time lag approximated by

atg = 32‘_\7 [1 - 2 arc tan (2—cr-:;~]-v- )]

where

c = equivalent viscous damping coefficient of metering pin and orifice
(average stroking force divided by average stroking velocity)

Applying the above cquations to the F4H-1 main landing gear for a hypothetical bump

.720 1b.-sec.2/in.

9.0 in.

140 mph = 2460 in./sec.

500 lp.-zec./in.

10,000 1b./in. {average over 2 inches of high pressure chamber compression)

WO<>¢B

Thus the time between the reaching of the maximum load on the tire and the point of maxi-
mum buildup in pressure is
9.0

—~—— = ,00183 seconds

1
At = =
22460

a conventional gear on the other hand wculd have a time lag of

at 9.0 (1 - 2 arc tan .405]

= — - 2ar .405)
2 7 4 x 2460 a :
Atg = 000212 seconds

The actions of the two types of gears are shown qualitatively in Figures 2 and 2-9.

The analysis of the action indicated also that the time rate of change of the pressure for a
pear of the F4H-1 type would lag the maximum impact force by approximately aty.'2
while in a conventional syste:n the same item would lead the impact force. Thus a con-
ventional system will anticipate high impact loads while the F4H-1 system will not.
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‘fhe expression for At] was checked against the computer results and if was found that
the time lag on the computer simulztion correlated well with the prediction. For example,
the time lag found in Run Nu.5 was

At = .0040 seconds

The pertinent data for this run is

A = 225
v = 2540 in. sec,
Tnus
1A
aty = — ~ = 0044 seconds
2 v
Checking
2xv 2 .
m (-mi* )" in comparison te K
2wy ,
m ("‘;"Y)z = 36.4x 104 ib.in., ko= 1.0x 109 1b in.

Since the spring rate i8 considerably below the "inertia” term, the time lay shoult tend
toward that given by the t] expression-which it does.




The comparison test of the inertia term to the spring rate term provides a vseful check
on whether or not the compressibility is significant i

2
m (&) > «
Then the compresaibility effect predominates
v 2
u k> m D

Y
then the compressibility effect is insignificant.

It 18 interesting to note that a conventional strut has some fluld compressibility which
wonld tend to duplicate the antion of the F4H-1 high pregsura chamber L the bulk modulus
was too low, However, it is seen that

Ap?B

Kfluid =

where
Ap = air piston area
B = bulk modulus of fluid
vo = volume of strut iowe= chamber

For a typical main gear these quantities are of the following orders of magnitude

Ap =15in2
B = soo,ogo 1b./in.#
Vo = 50 {n.-
Thus
k = 1,35 x 100 1b./1n.

wh‘ich ie considerably above the 'inertia’’ term magnitude previously calculated as 36.4 x
10% 1b./in. A conventicnal gear would therefore tend toward the action predictsd by the
expressicn for Atz which was derived on the bases of incompressible orifice flow in the
strut,

Modification of F4H-1 Main Gear and Mode!

For purposer of the comguter study of band-pass, it would be possible to modily the

F4H-1 gear racdel to do away with the time lag previously discussed. Suck & modification
is shown in Figure 2-10, Here it is seen that the motion of the high pressure piston has
essentially been unciupled {rom the dynamic pressure of the strut. Compression of the
high pressure chamber tak#s place only when there is inechanical contact between the
metering pin support tube and the piston of the high pressure chamber. This type of action
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converts the F4H-1 gesr to a conventional system in net effects. The high pressure
chamber simply causes o stspped air curve for the strut while a conventional strut has
a smooth air curve corresponding approximaliely to the isothermel air compreasion
process,

The sbove modification would requirs a redevelonment (aralytically) of the metering pin
since it substantially affects the energy absorning characteristics of the gear. Further-
more, {f simulation of present airplane-drop characteristics is deajred, it is possible

that several metering pins would have to be analytically developed for the modified gear.

CONC LUSIONS AXD RECOMAENDATIONS

It was conciuded {rom the computer results that a band-pass uni: will not function proper-
ly in the F4H-1 main gear. The inabulity of the band-pass unit to fu ;tion was traced to
the presenre of the high pressure air chamber in series with the strut crifice {low.

Based uvn anslviical s‘udies of a copventional system it was concluded that a conventional
gear should nuc have this same difficclty. The band-pass unit should be able to anticipate
the high load from bump impact due to {ts sensitivity to the rate of pressure builiup in the
dynamic pressure chamber of the strut.

Based on studies of the F4H-1 gear structure, it was determined that mechanical changes
in the gear could be made to eliminate the time lag efiect of the high pressure chamber.
Such changes would require a ''paper’ redesign of the pin configurstion to duplicate air-
plane characteristics.

It was recommended that tne band-pass deve'(pment program de continued using ancther
mcre conventiona! landing gear system, such a8 the A3J-1 or the FOF main gear, rather
than a modified F4H-1 main gear. The simulation achieved {n this study was feit to be
sufffcient to warrant a more extensive analyticai stuay of the band-;asa principle, as
applied to the landing gear shock strut, than that originally proposed. Such an extension
would allow the detailed study of the logds transmitted into the wheel and unsprung mass
by bump impact in addition to the study aiready proposed in which band-pass was to be
evaluated on only the net improvement it provided {n the iords transmitted to the airframe
proper. In addition miscellaneous exploratory studies such as that undertaken to improve
the tire model, were {felt to be in order.
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SECTION I

TECHNICAL DISCUSSION - NORTH AMERICAN
A3J-1 MLG THEORETICAL STUDIES

The general objectives of this phase of the program were achieved by a program com-
bining pure analytical, experimental, and analog computer methods. . summary, the
program was as follows:

1. Development of a simplified mathematical model of the band-pass mechanism.
2. Linearized study of the above model.

3. Analog computer study of this model.

4. Tire model investigations.

5. Study of the complete landing gear system with and without band-pass by analoy
compute: simulations.

DEVELOPMENT OF A SIMPLIFIED MATHEMATICAL MODEL OF THE BAND-PASS
MECHANISM

In Bendix Report VP-1030, the model set up to study the band-pass mechanism adapted
to an airplane main landing gear system consisted of a five-degree of freedom nonlinear
dynamical system. Although such a model i8 necesst.ry for detailed load and motion
determinatiions, it is not highly suitable to study the details of the band-pass s stem
itself. This is due to two factors, First, the complexity of the system makes it im-
possible to reduce the resulting pressure bulld-up and associated motions to simple
expressions in which the influence of the band-pass parameters is apparent. Secondly,
the complexity of the system requires an extensive computer setup (approximately
seventy-five amplifiers plus eleven function generators and associnted equipment) which
in turn requires considerable time and diligence to assure correct results. For these
two reasons, a simplified model was sought to help determine the influence of the
pararaeters associated with the band-pass mechaniam on the output of the system. The
output of the system was considered to consist of tire vertical load, dynamic chamber
hydraulic pressure, main mass vertical acceleration, etc.

Since all of these outputs were ultimately related to the dynamic chamber hydraulic

pressure, the first simplification in concept consisted of localizing the over-all effect of
the band-pass mechanism to its effect on the dynsmlc chamber pressvre. The second
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simplification had to do with input to the system. For the complete landing gear system,
the input consists of an obstructior on the runway surface. Here again the net effect of
this from the standpoint of its effect on the band-pass system was a sudden relative
niovement between the outer cyiinder and the piston. Thus, the second simplification
consisted of reducing the input to a sinusoidal stroke of the shock strut. Further simpli-
fication was achieved by noting that the incremental stroke of the shock strut during
buinp impact was small, thus changes in the crifice size due to metering pin movement
would be small; and changes in the air pressure in the struts upper chamber would be
small since this be also a function of siroke. Still further simplification was achieved

by noting that the total bump impulse was small due to its short time duration. There-
fore, changes in the main mass' motion during bump impact would be small. Thus the
feedback from the dynamic strut pressure to the main masgs' motion could be eliminated.

These simplifications result in the 1 eduction of the system to that of a single degree of
freedom. Although some of the simplifications are broad, they are based on both the
initial band-pass studies of the F4H-1 main gear, and on experimental experience on
main-gear drop tests. With reasonable stroke input, the results of the simplified study
from the standpoint of the band-pass parameter effects agree very well with later studies
using the complete five-degree of freedom system,

A schematic of the band-pass mechanism is shown in Figure 3-1A. Figure 3-1Bis a
free body diagram of the simplified system. The simplifications mentioned above are
reflecied in the motions and pressures shown in the free body diagram.

The fluid flow from che dynamic chamber takes place through three areas. The first is
the main metering orifice, the second is through the inlet to the band-pass control
chamber, and the third is the variable valve area opened by the stroke of the band-pasc
plunger. Volume is gained in the dynamic chamber by both the fluid compression and by
the upward movement of the band-pass control plunger. The continuity equation is
therefore

s . . . o - . /
Ao, (Em By = o B Al -Zy] — S, (LA
=B ~ l ,
(1)
T TTTTETY '[ o —"‘ ] .""'ﬁ . T
Tpd, 207-8) | Cp e [R5 ok [0 A8
~ 7 | 4 ~F

S

The term 4.4 /5’ (Z2=%) 18 toaccount for a relief valve, to allow free flow into
“

the dynamic chamber, when Pg becomes greater than Py. For bump impact during land-

ing impsct, P, is constderably greater than Pg at all times 8o that this term is zero

and does not enter into the problem. It should alsc be noted that the square root notaticn

used above is shorthand for the inverted square root function and should be interpreted

as IAF’!‘& A 0/)—/ .
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The compatibility of the flow into and out of the band-paas control chamber is defintd by

A (B=B)) — Uos B Cp iy 2B Coker [ 2055
p3li—=<Ca) — Yps 73 oMoy [€ 7T ez s 7 (2)

The summation of forces acting on the band-pass valve plunger is given by
M, Zy = b2 + &a(Zr 2y + Ap; (Pr-B) + & (3)

Where R is the spring preload of the control chamber spring. It should be noted that Ks
must be considered nonlinear to account for plunger valve bottoming. This is accom-
plished by conaiderimg Kg as very large for positive (Z4 - Zg4) and the normal spring
rate for regative {Zy - Z3).

With the simplifications mentioned previcusly these equations reduce to

- ! ahal

. . " /"’ = ; : .
bu Byt e B mherdy +Tpde FR-B - Tpd s 2R
Ea N A ~ 7
. (4)
+~ <pAlay /‘..7:/2"»’3:‘,' . —_ o
~
» » Af"'—-—‘“"“"-—-—‘ T ;’ T _'Vﬁ
Ar:2Z3; +~ vpz % — ¢ 4-3/ 28, - Cohlog ’-7 B-T = O (5)
z N v
and the equation of motion of the valve plunger becomes
23Ty v 6 Ey g Ty v Apy F-F, - B = O (8)

Equations (4), {5), and (6) constitute the equations of motion of the simplified model of the
band-pass mechanism. Using the above eguations, two studies were conducted, The

first consiated of the linearization of the above equationa £v as t« reduce them to being
amenablie 0 analytic solution. The second study congisted oi the analog computer
solution of the equaticng. The linearized solution is covered tn Bendix Report No.
SH-61-2, and only the results wili be covered here.

RESULTY OF LINEARIZED ANALYTICAL STUDY QF JIMPIIFIED MODEL

The null pragsures are ths pressures obtained for a fixed vaiue of 22 when 23 and 23
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are zero. These constitute the pressures about which perturbations caused by the motion
of the band-pass valve take place. The mos. important of these null oressures is

(Py - Pg)o which determines the &. unt of preload necessary to prevent opening of the
valve for normal landing impact stioke velocities. This pressure also differentiates the
hydraulic band-pass filter from a normal poppet valve. A normal poppet valve would be
acted upon only by the pressure P{. The band-pass valve will remain closed even

though Py exceeds the preload of the valve since the pressure P3 counteracts the Py
pressure. The null Py - P3 pressure is given by

[y - =<
| 7 Jo - Ap/ : o
S 2 r A 2 ¢ P -
T A T e /+ - ‘ (1)
/) ! :F/ - Lyt 2 -
/ ! F - -
L ';o:, 1

The time solution for the dynamic chamber pressure is given by

: A - 2,"
2 - .‘::~v L2 P AR SOAE, T
f
(9)
+ rx e - . v- + - )( ~>

where
P = mass density of hvdrauliv
Az2= perturbation in strake input

w = frequency of halif sine bump input




The remaining constants depend on the roots of the characterisi.c equation and the roots
of the cublc numerator Y the A P1 transfer function.
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The roots of the characteristic equation must be computed. For systems similar to
that investigated, the roots of the characteristic equation will consist of two real roots
and one set of complex conjugates. These roots are denoted as

-2, , ’ . "‘J( iégl.
The cubic numerator is

-~ r- - " °
=%y —‘—"-&2:’%\5' +"(/'+ -’3’—’-'5)%‘4» X 28 &

+ (£ z “)n r —
Vs

The roots of this equation are
-~ Ay 9 —de + bg ¢
In terms of the above constants and roou,?., thruvmaro defined as follows
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The valve movement is given by
y <
8Zs(<) = KAz 0, X sinilhst- )

@, T

+ hpcos(wt +de) + &2 T h g,
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As an example of the application of the above ejuations, a comparison between analog
computer results and the results calculated from the linearized soiution is shown in
Figure 3-2, The linearized results shown in this figure are based on Equation (9) with
high frequency terms dropped. This .8 discuased in more detail in the report covering
the linearized study.

ANALOG COMPUTER STUDY OF SIMPLIFIED MODEL

A series cf studies on an analog computer were carried out using the simplified model
of the band-pass shock strut. The procedure used in this study was to prescribe to Z

a steady velocity simulating the stroke velocity of the strut during landing impact, p.us
a half-wave sinusoidal displacement simulating the additional stroke occuring during
simultanecus landing and bump impact. The magnitude of the stroke was determined on
a somewhat empirical basis. It was first determined that a full one-and-one-half
inches of half-wave sinusoidal stroke would result in unrealistically large loads. This
is, of course, to be expected since the gear stroke caused vy bump impact is reduced
in the actual gear by both the wheel and tire deformation, and by the slight upward
movement of the ..°ain mass. It was known from the original studies on the F4H-1 gear
that a severe bump impact would raise the internal pressure of the strut about 15
percent over the pressure obtained in a limit drop. Using this concept plus data from
A3J-1 main gear drop tests conducted at Bendix (Ref. 4), a realistic sinusoidal stroke
was obtained as an input to the system.

The steady strut-stroke velocity was selected to duplicate dynamic chamber pressures
ootained during the same limit drops for a main metering orifice area equal to the
average area in th. total stroke. The combination of orifice area and steady-stroke
velocitly was later varied in the parameter variation studies.

Nominail data for the study was as follows:

A, = 45 in. 2
A, = 001 in.2
Ay3 = 01013




Apl = 20.428 1n.2

Ap3 = .7851n.2

a, =10 in.2 in,

b = value to yield 10 percent critically damped system
k = 100 lb. in.

M3 = .00035 Ib. sec. 2. in.

R = 100 Ib.

Vpl = 200 m‘3

3
Vp3 = 3.0 1n.
79 = 125 in. sec. (steady stioke velocity)
Z9 = .141:n.

The results of this study are gshown in Figures 3-3 thru 3-8, Figure 3-3 shows the
analog computer time solutions {or the nominal case given above Figures 3-4 and 3-3
are two runs for which the valve motion became unstable and are discussed below in the
parameter variations discussion. Figures 3-6, 3-7, and 3-8 are results c¢f the parameter
variation study in terms of the maximum press ire rise caused by the bump impact and
the maximum valve stroke.

Figure 3-6A shows the effect ¢f volume changes i1n the dynamic chamber of the shuck
strut. Here it can be seen that the net pressure rise cruyged by the bump tmpact 1s
ingenaitive to volume changes, However, the plunger valve stroke is influenced --
drepping off as the volume of the dynamic chamber is increased. At first the results
appear to be contradictory, That is, with decreased stroke, it would seem that the
incremental pressure rise should increase since there ts less opening of the orifice area
vetween the dynamic chambier and air- chamber of the strut. However, 1t 1s to be notea
that an increa_e .n volume aiso corresponds to a drop-off 1n tne spring rate ¢ the {hud
so that there is a larger shock-absorbing capability in the ‘luid. This counterbalances
the lowered orifice resistance caused by the larger orifice openung. The over-2!! sffect
Hf volume change i8 an important aspect of the parameter variation study since the {luid
volume ¢f the dynamic chamber does vary with stroke. The valve instability found at the
lower dynamic chamber volumes put a <er'ous limitation on the other parameter 1 tae
band-pass unit. For example, {t can be seen that an tmprovement in the tota preszure
rise could be gaired by reducing the outlet orifice area and th: 1nlet orifice area down to
perhaps 6 x 10-4in. 2and 6 x i0-3 in 2, respectively, However this also would lead to
a marginally stable saystem for the nominal dynamic chamber volume of 200 in.3,
Farther 1t would lead *v a highly ungtable valve moticn whean the strut was compressed
{(text continuad n page 3-17)
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to any volume below -- say 150 in.3. Since such reduced volume on the dynamic chamber
does take place in actual gear operation, it limits the amount of improvement that can be
made by any other parameter variations which improve the net pressure rise in the
strut during impact and, at the same time, results in a marginaily stable valve.

To illustrate the general nature of the instability encountered with reduced dynamic
chamber vclume, the computer time solution for the case marked unstable in Figure
3-8A is shown in Figure 3-4.

The second parameter variation study was carried out to find the effect of changes in
the main orifice area which in the actual strut would vary due to the variable area of
the metering pin. The resuits of this study are shown in Figure 3-8B. Since the pin is
designed to yield high efficiency in the load stroke curve, low areas will, in general,
correspond to low stroke velocities and large orifice areas to higher stroke velocitles,
For this reason, the stroke velocity was varied along with the orifice area to maintain
a near constant null Py pressure and thus simulate normal landing impact conditions.
The variations in the stroke velocity for each particular orifice area are noted in
Figure 3-6B.

From Figure 3-6B {t can be seen that the net pressure rise a..d valve stroke are rela-
tively insensitive to the main orifice area. A design based on average orifice area and
average piston stroke velocity should, therefore, accommodate the whole range of

stroke velocities and orifice areas encountered in going from an extended to a compresas-
ed shock strut, providing cognizance is taken of the critical stability condition encountered
with the low dynamic chamber volume assuciated with the compressed and near com-
pressed shock strut.

The effert of plunger valve mass 18 shown in Figure 3-8C. Here it can be seen that the
incremental pressure rise and the valve stroke are relatively insensitive to the plunger
mass. Some slight Improvement could be made over the nominal case by an increase

of the mass to the vicinity of 7 x 10-3 ib. sec.2’tn. which appears to be a minimum

point on the 8Py function. The relative insensitivity of the output on the vaive mass
allows considerable latitude on (‘s design and, {f naceasary, it cculd be designed by
strongth and size considerations without appreciably affecting tha output of the band-pass
unit. This is true over a limited range of mass values. Figures 3-%A and 3-8B show the
computer time solutions {or the two extreme mass values, . x 10-3 and 15 x 10-3 Ib.
sec.® in., respectively. Here it can be seen that the smallest mass value 18 tending to-
ward valve instability although the siight vaive flutter {s not yet iarge enough toc be
reflected in the Py pressure and is only evidenced in thedifferential pressure across
the valve area (Py - Pg). The largest mass value resulis in a quite stable valve but it
can be seen that the time delay between the beginning of strut sinusoidal stroke and
plunger valve movement has increased slightly. A careful measuremaent on the records
indicated a time delay approximately 12 percent greater than the time delay found with
smallest mass. The valve siroike is also less abrupt {cr t.,e iarge mass case. The
small mass cass has practically a step on the valve stroke, while the large mass cnae
bulids up to its maximum stroke {n practically & einusoidal fashion.

It can be seen that there are limitations on the maas of the plunger valve in both the
high and low directions. Low mass values tend toward instability, whereas high mass
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values tend toward sluggish valve motion (although the maximum mass studied still gave
sufficiently small time delay between the beginning of piston stroke input and the be-
ginning of plunger valve stroke). The natural frequency of the plunger valve should be
well above the range of input frequencies resulting from bump impact. The frequency

of the valve's motion can be determined from the mass and the compressibility of the
fluid in the band-pass control chamber. This is discussed below.

The fourth item considered in the parameter variation studies was the effect of the
control chamber spring rate. Here ti.e preload was kept constant at 100 pounds while
the spring rate was varied from 50 to 250 pounds per inch. The results of this study
are shown in Figure 3-6D. Here it can be seen that the spring rate had no effect whatso-
ever on either the incremental pressure rise or the plunger valve stroke. The four
computer time plots further showed that there was practically no change in any of the
other phenomena such as the variation of plunger position with time or the variation of
the pressure on the strut dynamic chamber with tir:e. Surprisingly, the frequency of
the transient valve motion showed only a very slight increase (on the order to 5 percent)
in going from the 50 pound per inch rate to the 250 pound per inch rate. If the frequency
of the valve's motion were determined by the spring rate of the control chamber spring
and the mass of the plunger valve, such a change in spring rate would result in a 224
percent increase in frequency. The spring rate of the control chamber spring plays
only a small part in the value of the natural frequency of the valve's motion.

The natural frequency of the valve's motion is determined almost entirely by the com-
pressibility of the fluid in the control chamber, the volume of that chamber, the valve,
and the valve mass. The natural frequency is given by,

1

’(; _ KV + Zhpgt
”
e vy M3a (12)

Since KV is small in comparison to BAp32 the effect of the spring rate is negligible.

This fact is convenient since it simplifies the problem of spring design to that of obtain-
ing the correct preload. Within practical ranges, rate has no effect on the performance
of the band-pass system.

At this point, it i1s appropriate to discuss the problem of valve instability since it is
related to the action of the fluid in the band-pass control chamber. The whole action of
the band-pass system depends upon a rather delicate pressure balance between the *
dynamic chamber of the shock strut and the control chamber of the band-pass mechanism.
The delicate nature of this balance is apparent when it is noted t hat pressure differences
on the order of 120 pel are sufficient to open the band-pass unit while normal dynamic
chamber pressures are in the vicinity of 4000 ps! for a 20 ft./sec. landing impact. Thus,
only a 3 percent variation in the Pg pressure can upset the balance and either open the
band-pass unit fully or close it completely, depending upon the direction of the variation.
In order to maintain Pg close to Py, and at the same time not allow the leakage of fluid
through the control chamber orifices to reduce P, excessively during normal landing
impact, the ratio between the inlet orifice and the outlet orifice must be large and the
outlet orifice must be very small.
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During bump impact, therefore, the increased flow into the control chamber and the
flow incurred due to the upward mevement of the plunger valve {8 not accommodated by
the small outlet orifice and the fluid simply compresses slightly. Once the plunger has
reached its maximum upward movement, the fluid begins to expand and sends the
piston downward and, in severe instability, may complately close. The cycle then
repeats itself until an equilibrium position is found by the plunger valve.

The valve instability is heightened by several factors. First, if the inlet orifice to the
band-pass unit is smalil, the drop-off of P3 pressure with increased stroke due to bump
impact is excessive. The valve movement is thus accelerated too rapidly and the

result i8 excesaive overshoot of both the Py - P3 pressure and 'he valve movement.

A small volume of fluid in the dynamic chamkter of the strut also leads to instability
since with low fluld volume there is little cushioning of the 1nput to the band-pass
mechanism between the shock strut piston and the orifice plai=. That is, there is greater
fluid flow into the band-pass control chamber due to the smaller amount of fluid com-
pression in the sirut dynamic chamber with low dynamic chamber volume.

A third factor heightening the instability is a small value of Ay, (the control chamber
outlet orifice area). This ig due to the fact that with small outlet flow, fluid compression
is increased. High values of valve gain and the rate of orifice area increase with valve
stroke also lead to 2 more unstable system. With increased vaive gain, a given amount
of valve movement will cause larger pressure fluctuations in the dynamic chamber and
therefore in the control chamber. Increcsed pressure fluctuations in turn rerult in a
longer time for the valve to reaca its equilibrium.

These are the pl.ysical reasons for the instability of the valve. It is unfortunate, but
also typical, that most of the parameter extremes which cause instability also improve
the valve performance from the standpoint of reduced incrementa' pressure rise in

the strut's dynamic chamber. This is true within limits since severe instability will
bring about a rapid reclosing of the valve, thus increasing the incremental pressure
rise. The instability bringe into play another consideration in valve design. The valve
cannot he designed exclusively by that combination of parameters which brings about a
minimum pressure rise in the dynamic chamber (minimum load transferred to the main
mass of the airplane).

Returning to the parameter variation studies, the {ifth item considered was the valve
preload. Valves were studied where the preload ranged from 35 pei to 200 psi. The
results of this study are shown in Figure 3-7A,

The lowest value of preload shown in Figure 3-7A corresponds to the null (P, - P3)
pressure differentia. for the steady stroke velocity of 128 {n. sec Preloads below this
value will result in the valve opening during the landing tmpact, thus preventing the
snock strut frcm abaorbing the landing .mpact energy.

it can be seen that valve preload has a large influence on the pressure rise during
bump tmpact. The preload should be designed as close as poseible to 8 maximum null
(P1 - Py)pressuredifferential expected during ianding impact. Since meximum expected
stroke velocities carn be predicted, and since the crifice area ve. stroke ‘s known, the
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(Pl - P3)pressure differential canbe calculated from Equation (7) for the band-pass
design.

The sixth item considered was the orifice area ratio Ag3/Ag2. The results of this
study are shown in Figure 3-7B. It can be noted that the value of Ag3/Ao2 affects the
nuil (Py - P3) pressure (see Equation 7) and that it is necessary to vary the preload
in addition to the inlet-to-outlet orifice area ratio to obtain results which can be
compared,

Figure 3-7B indicates that a low value of A;3/A,9 is desirable to obtain a low pressure
rise in the strut's dynamic chamber during bump impact, but two other considerations
come into play which limit the amount this ratio can be reduced. The first is the
stability of the valve's motion. Pressure improvement can be obtained by a reduction in
Ao3 and A, simultaneously, or by holding Agg fixed and reducing A3 but not by in-
creasing A,g. Reduction in A5 heightened the instability as noted previously. The
second factor is preload. Decreasing the ratio A03/A 9 increases the prelcad necessary
to maintain the valve closed for normal landing impac?. High preload presents a design
problem due to space and area limitations within the control chamber.

The seventh item considered was the control chamber outlet orifice area Ao . The
results of this study are illustrated in Figure 3-7C. The ratio Aos/A 9 Was held fixed
ir this study so that the nominal preload of 100 pounds applies for ea& case. Figure
3-7C shows that a decrease in A, decreases the pressure rise in the strut dynamic
chamber during bump impact. However, this also leads to valve instability. The marked
instability of the valve motion when A,3/Aqg 18 reduced to .000143 in.2 is indicated by
the computer time solution shown in }plgure 3-5.

The eighth item considered in the parameter variation study was the valve cross-
sectional area Ap3. The results of this study (See Figure 3-7D) indicate some improve-
ment on the dynamic chamber pressure rise with reduced area. This was due to the
reduction in the spring rate of the fluld compression of the control chamber, which
allowed larger motion of the plunger valve for a given input. A larger overshoot of the
(Py - P3)pressuredifferential was noted with the reduced area, but no appreciable change
in stability (number of cycles of transient valve motion) was noted in going from the two
extremes of .5 and 1.5 in.2 on A 3. This is mentioned because later studies with the
complete landing gear system sl?owed marked instability in the valve motion for the
reduced A,3 when the volume of the dynamic chamber was at near minimum. A similar
result was obtained with increased V,. An increase in V., {8 similar to a decrease in
Ap3 In that it also decreases the spring rate of the fluid golumn in the band-pass control
chamber.

The ninth item considered in the parameter variation study was the effect of the valve
gain -- valve gain being defined as the rate of orifice area Increase with plunger valve
stroke. The results of this study are shown in Figure 3-8. Decreased valve gain

causes a rise in the pressure in the strut dynamic chamber simply because it decreases
the amount of area increase between the strut's dynamic chamber and the air chamber.
Increased valve gain, while decreasing the pressure rise in the dynamic chamber of the
strut, tends toward unstable valve operat.on for reasons previously discussed. Maximum
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allowable valve gain appears to be in the vicinity of 10 in. 2/in. Such a gain wou!d result
in marginal stability for the low dynamic chamber volume ercountered in the com-
pressed or near-compressed strut condition.

SUMMARY AND CONCLUSIONS FROM STUDIES OF SIMPLIFIED BAND-PASS SHOCK
STRUT MODEL

1. The optimum set of values for the parameters associated with the band-pass
mechanism is controlled by the interaction of three factors: first, the pressure
rise in the dynamic chamber of the shock strut, or equivalently, the load trans-
mitted to the main mass of the airframe; second, the valve stability; and third,
size and space limitations imposed by the dimensions of the shock strut.

2. The performance of the band-pass mechanism is relatively insensitive to main
orifice area, plunger mass, and the spring rate of the control chamber spring.
For the system in question, the optimum mass appears to be 7 x 10-3 b, sec.2/in.
but variations from 2 to 11 lb. sec. 2/in. could be taken without appreciably affect-
ing the performance of the valve. Spring rate has practically no effect on valve
performance and the spring can be designed on a preload basis only.

3. Low dynamic chamber volume results in valve instability. The valve should be
designed on the basis of the minimum volume of the strut's dynamic chamber.

4. The inlet to outlet orifice area ratio of the band-pass control chamber should be
as low as possible, but not solow as to lead to instability or excessively large
required preload. A balance of factors ylelds a value between 8 and 10 for this
ratio,

5. Control chamber spring preload (R) should be made as close as possitle to the
maximum (Pl - P,) pressure differential times the valve area Apa. The present
design requires a preload of 50 lbs. or more to preclude opening of the valve on
a limit drop. Excessive preload reduces the effectiveness of the band-pass
mechanism.

6. The outlet orifice area should be made as small as possible, but not s0 small
as to result in valve instability. For A,3/Ao2 ratio of 10 the A, orifice area
could possibly be reduced as low as 7.5 x 10-4 in.< but for A g/Aqg reduced to
8, Agg could only be reduced to 10 x 10-4 in.2, Further reduction would result
in valve instability.

7. Valve area should be designed low. (Later studies show that lowering this
quantity tends toward instability in the near-compressed strut, as does an in-
crease in the control chamber volume.) The nominal value of .785 in.2
appears to be near optimum.

8. Valve gain should be as high as possible without resulting in instability. A value of

between 10 and 11 in.2/In. appears to be near maximum for the present configura-
tion.
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9. With a2 band- pass mechanism derigned by the latter criteria, a reduction of
approximately 50 percent in the magnitude of bump impart loads transmitted to
the atrirame during simultaneous landing impact and bump impact could be
achieved, The maximum pressure rige in the impact considered in the simpli-
fied analysis was 2400 psi during impant without a band-pass unit, while with 4
band-pass unit the load was reduced to 1200 psi.

MATHEMATICAL MODEL OT COMPLETE LANDING GEAR SYSTEM WITH BAND-PASU

Free body diagrams of the complete lancding gear system are shown in Figure 3-10.
The summation of fo~ces in the vertical direction on the main mass gives

ALE, + F + 75, Ly, - ap) a2 o R A A R (13)
where M, = r-ain mass supported by one landing gear
Fr, = lift force or m3ain mass
P = gage pressure within dynamic chamber ot shock strut
x = gage pressure within air chaink<r of shock strut
F- = friction drag between piston and outer cvlir ler of the shock strut
Apt = ar-a encompassed in LD, of pizton
A‘;; = A, less the cross-sectional area of the orifice support tube
Ap2 = aTea encomjassed in LD. of outer cylinder less the ~rosz-
sectional urea of the ~rifice support tube
Apg = 2rea between inner and outer cylinder
A, = Ccross-scctional area of piston walls at upper bearing point
a, = inclination of gear {(positive as shown in Figure 3-10)

The summatjcn of forczs in the vertical direction on the piston yields

/74 z_ + L SO - ke, =L - = (14)

since Fyoom Sy o+ mg T, I (15;

then equation (14) can be written as

Ain &0 o+ Ty DT m B Ly AL = ST e (16)
where mo = mass of shock strut piston and associated parts
mp = maes of wwheel brake, tire ana associated parts
My = (ma+my coséy)
Mz = {mg r my)
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Fyir = vertical (to ground) load on piston
F, = vertical load on tire

The pressure P, results {rom the compressicn of the air in the shock strut air chamber
and is a functich of the stroke, (Z1 - Z9).

Z, - (17)

- A
< / .,

Considering the free body diagram of the shock strut piston, the summation of moments
about point (A} yields

ce A, 4 P /\/z LR A < \(\\L ey 1\/ :> [
g PR — A, = T Te v a s g
s A SN (\,‘,‘ -+ ¢ . (/\k > _,4—‘,‘_/ ‘e J/L, (18)
where M =  coefficiert of friction between outer cylinder and piston
Nj = normal load on upper bearing
N9 = normal load on lower bearing
ry = radius to surface of lower bearing
ro = radius to surface of upper bearing
1 =  length from center of upper bearing to center of axle
4 =«  length from center of upper bearing to cen.er of gravity of
piston

L =  trail leng'h
K =  gpring rate of strut in aft direction

From the same free body diagram the summation of forces normal to the strut center-
line gives

. . " / . e st o B .=
AN LA e+ A A e T o= L (19)

il

From the free body diagram of the wheeil the summation of forces in the horizontal
direction gives

/’71'" +é,)':+.l’)( +/7!‘7é;. S '/./"'4,'1- vb/ nalhed 4.3 #-13 o - (20)

where m = effective lumped mass of wheel, brake, tire, axle, and shock
strut at axle ior fore and aft motion considerations
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C =  damping coefficient associnted with fore and aft motion
fpj = drag forces cntire footprint (i = 1, 2, and 3)

The frictional force, Fy, between the outer cylinder and the piston is given by

£f = A S ‘;—“— ¥ \ (21)

-~

It can be noted that the tire has been divided into three springs. The original concept
given in Reference 5 was to use only one nonlinear elastic elem.ent to represent the

force deflection characteristic of the tire. As explained in Reference 6, this would not
te sufficient to represent the true tire characteristics for both bump impact and land-
ing impact. The model finally arrived at consisted of three equally spaced nonlinear
springs. The bump shape was also modified to allow deflection of more than one spring
when the bump was at the center of thc tire footprint. Tests conducted on the F4H-1

tire are covered in Reference 7 together with the derived force deflection characteristics
of the three springs and the modified bumg shape.

Similar spring {functions were derived for the A3J-1 main gear, wheel and tire making
nse of the load deflection shapes derived in Reference 7 and experimental data on the
flat plate load deflection characteristic of a 36 x 11 24-ply type VII tire. The derived
spring functions are given in the data section of thig report,.

The deflection of each spring is given by

D P N R A (22)
Ca — /,/\j, R4S —)(‘, + LTyl of oA, (23)

Jp - 4\/,4\4 - x-b) + Z5 O3, (24)

wnere h = bump shape, a function of ( [rase - x—- & ) etc.
v = forward velocity of airplane
b = spring spacing

Since the spring spacing is symmetrical with respect to the footprint centerline, the
forward spring function is idemical to the aft spring function 8o that oniy two fuictiins
are used to describe the tire force deflection characteristics. The fore and aft spring
functions are designated g, (1) and g (83) and the center spring funct!n is designated

g2 (82).
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fa = g3(8y (26)
fg3 = g (83 (27)

The total vertical force at the tire footprint is

v el s (28)

A ) = '-/-'—- ’/} *p X‘,_- + - — . + 4 (29)

Hete it can be notea that the drag forces were al' assumed to have a lever arm of

R¢ - 89 which is only approximately true since {, and &, will in general be different
that 62. However, for wheel moment calculations, the dilference between Ry - 61 and
R; - 85 etc. will be a second order effect which (an be neglected.

The drag forces, Iy, are determircd by two different sets of equations. The particular
set to be used depends upon whether the tire is rolling or sliding.

Tire sliding is defined by the following equation

SL v e ) - w & - 7 (30)
where Sy, = sliding velocity
when S, # 0 (tire sliding) then {15 given by
ipy. + *;;- ‘ez T e e ey e LT 131)
where Ky = gliding ccefficient of friction between tire and runway surtace
when Sy, =
foi 4 bor * toa - ?%I ;; g,%—-‘; - tse e (32)
unitil such time that
4o+ oy B D P - (33)
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where ¢ is a small quantity, ideally zero.

Once the above condition becomes true, then fDl’ fDZ' fD3 are determined {from
Equation (31).

The latter set of equations together with the previovsly derived relationships, Equations
(1), (2), and (3), constitute the equations of motion of the complete main landing gear
system, including band-pass. It should be noted that in Equation (1) the volume of the
dynamic chamber, Vp , 18 not constant but is a function of (Zl - Z4). Likewise, the
main orifice area, A, 18 also a function of (Zl - Zg) as determineg from the metering
pin coatour. Both ol({hese functions are given in the data section of this report.

NUMERICAL DATA - A8J-1 MAIN LANDING G-AR SYSTEM

Numerical data fo: ‘ .¢ A3J-1 main landing gear and the nominal band-pass unit is &8
follows:

Maases and Moments of Inertia

Mj; = ~ain mass of airplane per gear 53.4 Ib.sec.?/1n.
mg = mass of inner cylinder and associated parts .311 Ib.sec. 2/in.
Mg = mass of band-pass plunger .00035 Ib.sec.%/in
mp = mass of wheel,brake,tire fork,axle and

associated parts .584 lb.sec./in.
M = effective lumped mass at axie for fore a.d

aft motion considerations 127 lb.sec.?/in.
I = polar moment of inertia of rotating parts

(wheel,tire,brake rotors, and associated

parts) 80.0 1b.in.sec. #
Spring Rates
kg = 8pring rate of control chamber spring 100 1b., in.
Ky = fore and aft spring rate of strut 14,340 )b./in.
Areas
Ap; = inside area of inner cylinder 20.428 in.2
Agy = Inside area of inner cylinder miaus area of

orifice suppor! tube 17.855 in.2
Ap2 = Inside area of outer cylinder less orifice

support tube 21.072 in.2
Ap3 = band-pass plunger valve cross-sectionai

area 185 in 2
Ahg = area between I.L. of outer cylinder and

) 0,D. of inner cylinder 3.467 in. ¢

Ac =« wall area of inner cylinder 5.€29 {n.?
Ag = mainorifice area ‘see curve)
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Aggo = outlet orifice area of band-pass contro!l

chamber 0.001 in.2
A,3 = inlet orifice arez of band-pass control

chamber 0.010 in, 2
Ags = urilice area of dump valve .300 in.2
Lengths
L =  mechanical trail 4.38 in.
1 = length from center of upper strut bearing

to axle centerline 55.04 in.
Iy = distance from center of upper bearing to

center of gravity ¢i shock strut piston 34.0 in.
a = distance between centers of strut bearings

in fully compressed position 29.86 1n.,
R = radius of tire during rolling 15.00 in.
Ry = free radius of tire 18.38 in.
r = outsgide radius of inner cylinder 2.875 in,
r = radius to surface of upper strut bearing 3.061 in.
b = half length of effective footprint 4.25 in.
Miscellaneous
P = mass density of hydraulic fluid .0000%5 1b.sec.2 in.4
B = bulk modulus of hydraulic fluid 250,000 psi
Vpl = volume ot shock strut dynamic chamber {see curve)
Vp3 = volume of band-pass control chamter 3.0in.3
cqd = orifice discharge coefficiexn: .60

(for main metering orifice A,

Cq = 0.85)
M = coefficient of friction o{ strut bearings .05
KT = coefficient of friction between tire and

runway .55
a, = gtrut angle of inclination (varianle)

nominaily 0
by = damping coefficient as<ociated with relative

motion of band-pasgs valve
(adjusted to give approximately 10% of criiical damping)
by = (See Figure 3-10B)

R = preload of band-pass control chamber gpring 50 ibs.
v = forward velocity of airplane (variable)
nominally 2655 1n. sec,

ANALOZ COMPUTER RUNS

Using the equations of motion derived for the complete landing gear system, a tota! of
132 simulated drop tests were made. Pa..meter variations in both the variable I~.iding
gear parameters and the band-pass mechanism's paran:eters were made to “ctermine
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the nver-all perfurmence of the system with band-pass. The following i< a tabulation
o1 the computer runs:

(1) Comparison with standard drop test results

(2)-(10) Variations in sink speed 12, 14, 16. 18, 20, 21, 22, 23, 24 ft./sec.
(11)-(17) Variations in speed 2400, 2600, 28u0, 3000, 3200. 3400 3600 in./sec.
(18)-(19) Effect of strut inclination (18) same as (1). (19)a, =5

(20)-(21 Same as (1) except inipacts at 2, 4, 6, 8, 1C, 12, 12 16 inches of stroke

(28) Same as (27) but with nominal band-pass unit

(29, A, decreased to .005

(30) R, increased from 50 lbs. to 100 lbs.

(31) Same as (30) except bump brought in at 4 inches of sticke

(32) Ay3/Ap2 = 10 (nominal) a, = 20

(33) Repeat of (28) except prelcad = 100 1b..

(34) Repeat of (28)

(35) Repeat of (34)

(36) o changed to 20 in.2. in,

(37) Ay cut in half

(38) Unsprung mass decreased by factor of 3 A 3 returned to .785 in.2
(39) Same as (38) witha,, = 10 in. 2 jn. P

(40) Same as (38) with av = 10 in.2 'in. Unsprung mass =1 6 nominal
(41) Saine as (38) witha,, = 10 in. 2 in. Unsprung mass = 1 9 nominal
(42) Pot 013 increased from .1250 to .5000

(43) Step \alve Upper Ayy=.785'2 R =100

44) Same as (1) except gump at 16 inches stroke - no band-pass

45) With banri -pass system - bump at 18 inches stroke, R =100 lbs.

(

(

(46) Same as (45) R = 50 lbs

(47) Same as (46) excepta,, = 12.5 1n. 2 in.

(48) Same as («7) except a v = 15.0 in.2 in.

(49) Same as (47) except b, increased by factor of 4

(50) Nominal bg, v:? decreased by fuctor of 5.0 {a, = 15.0 in.2 in.)
(51) 1= 20.01n.4/in, same as (5, otherwise

(52) A,o reduced to .0005 same as (51) otherwise

(33) vy returnad to nominal value, Ap2 .0010 by X 10.0 a, =15.0
(54) by X 20 ayp =15 A 0013

(55) v3 x 1 2 otherwise sthe as (4

(56) vy x 2 otherwise same as ('35)

(57) \'3 x .0

(58) by x 20 ay =20 )

(59) bg X 20 a =15 ) }Nut good computer problems
(60} bg x 20 oy = =15 Ay = .00135)

(61) by x 0 ay = 20 A V9 = .001

(62) bg x 20 a, =15 A, 02 =.001

(63} by x 20 ay =15 A = .00135

(©4) bg nomnal a,q = 10 A<>2 = 001

(65) Nominal band-pass system bump at 2

{66) { 4

(97) $ l 6
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(68) Nominal band-pass system bump at 8 in.

(69) | 10 in.

(70) 12 in.

(71) 14 in.

(72) 16 in,

(73) No band-pass 2in.

(74) 4 in.

(75) 6 in.

(18) 8 in.

(17) 10 in.

(78) 12 in.

(79) 14 in.

(80) ) 16 in.

(81) Ayg =.0075 8 in.

(82) A03 = .0075 16 in.

(83) Ag3 = .0050 8 in,

(E3-a; Agyg =.0050 8 in. 100 !bs. preload
(84) Agg =.0050 16 in.

(84-a) A03 = .0C50 16 in. 100 lbs. preload
(85) A02 =,0015 8 in.

(85-a) Ag,g =.0015 8 in. 100 lbs. preload
(86) Agy =.0015 16 in.

(86-a) Ao =,0015 16 in. 100 lbs. preload
(87) Agy =.0005 8 in.

(88) Ao =.0005 16 in.

(89) = 5in.2 8 in.

(90) vg = 5in 2 16 in.

(e1) =1 in 8 in.

(92) vg =1lin 16 in.

(93) 3-101:12 8 in.

(94) Asg = 1.0 in. 2 16 in.

(95) Apg = .50 tn.? 8 in,

(85-a) = .50 in.2 8 in. 30 Ibs. preload
(96) Apg = .50 m.g 16 in.

(96-a) Ap3 = 50 in. 18 in. 20 ibs. preload
(97) Preload = 35 iha. 8 1n.

(98) Preload = 35 ibs. 16 in.

(98) Preload = 85 lhs, 8 in.

(100) Preload = 85 lbs. 16 in.

(101) Preload = 80 lbs. 8 in.

(102) Precload = 80 Ibs. 16 1n.

(103) Preload = 100 lbs. 8 1in.

(104) Preload = 100 lbs. 16 in.
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(105) Sink speed =12 ft./sec.) bump at 4 in.

(106) Sink speed =12 ft./soc.) With band-pass 8 in.
(107) Sinx speed =12 ft./sec.) 14 in.
(108) Sink speed =12 ft./sec.) 4 in,
(109) Sink speed =12 ft./sec.) Withcut band-pass 8 in.
(110) Sink speed =12 ft./sec.) L 14 in,
(111) Sirk speed =23 ft,/sec.) 4 in,
(112) Sink speed =23 ft./sec.) With band-pass 8 in.
(113) Sink speed =23 ft./sec.) 16 in.
(114) Sink speed =23 ft./sec.) 4 in,
(115) Sink speed =23 ft./sec.) Without band-pass 8 in,
(116) Sink ! peed =23 ft. sec.) 16 in,
(117) v = 2300 in., sec. ) 8 in.
(118) v = 2300 in.’ sec, ) 16 in.
(119) v = 2700 in. 'sec. ) 8 in,
(120) v = 2700 in., sec. ) With band-pass 16 in.
(121) v = 3100 in., sec. ) 8 in.
(122) v = 3100 in., sec. ) 16 in.
(123) v = 3500 in. sec. ) 8 in,
(124) v = 3500 in.: sec. ) 13 in.
(125) v = 230) in.  sec. ) 8 in.
(126) v = 2300 in. sec. ) 16 in.
(127) v = 2700 in.. sec. ) 8 in.
(128) v = 27900 in., sec, )} Without band-pass 16 in.
(129 v = 3100 in. sec. ) 8 in.
(130 v = 3100 in. sec. ) 18 in.
(131) v = 3500 in. sec. ) 8 in.
(132) v = 3500 in. sec. ) 16 in.
SYSTEM

The results of this study are shown partially 1n Figures 3-11 through 3-25. In general,
the study {ndicated that the optimum configuration was quite close to the configuration
arrived at bv the simplified model studies. Further, 1t was found that although the band-
pass unit could redace the load transferred to the airframe and the dynamic chamber
pressure as compared to an identical system not having the band-pass mechanism, it
could not reduce the wheel and tire loads to any significant degree.

Run (1), the resuvits of which are shown in Figure 3-11 1n terms of tire vertical load vs.

shock strut stroke, was cairied out to check the degree of simulation achieved by the
analog modei of the landing gear system. The results 1nd.cate a close correlation
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between the computer results and the actual drop test results obtained from Reference
(4). Pressure fluctuations at the beginning of the sir ke were ot duplicated, but
over-all shape, maximum stroke, and maximum vertica: 'oad ao closelv duplicate the
results of the drop test. Similar correlaticn was obtaii:2d un drag 1 ad results. Differ-
ences between the drag load calculated on the computer, =nd drop (est drag load, can be
attributed mainly to the fact that the actual coefficient of friction between the tire and
the drop test platform is variable whereas only a constant average coefficient of
friction was considered in the analog computer simulation.

The effect of str-ut inclination was studied in runs {13) and (19,. The results of these
runs indicated that there was very littie change in lcad-stroke phenomena for mino:r
variations in the strut angle of inclination. For *h.3 reascn, no further studies were
carried out on the effect of strut inclination on thz *unctioning of the band-pass shcck
strut mechanism. The load-3atrohe curves for these two runs are shown in Figure 3-12,

Runs (28) through (64) were miscellaneous exploratory rins. The purpose of these runs
was to examine the effect of paramet.r variaiions carried out to alleviate the stability
problem, and to maintain a high load reducing capacity of the band-pass unit.

Stability problems with the complete landing gear system were greater than those
encountered in the simplified study. This was due primarily to the fact that the volume
of the high pressure chamber of the strut could reduce toas low as 17.5 cubicinches at 18
nch.sof strut stroke, Figure 3-6A shows that sucha volume would be expected to result in
extreme instability problems. The lower preload (50 lbs.) would tend to alleviate this
slightly, but parameter changes to increase dynamic chamber pressure attenuation,
over that obtained witn the nominal system, were found to be impractical due to the
greater instability encounterci with suc!. changes. The computer results for a typical
unstabie condition are show.\ in Figure 5-13. This is the result of computer run (96)
in which A o was reduced t .50 in.2. The severity of the instability is indicated by che
fact that thpe valve completely closed due to rebound of the compressed fluid.

Attempis were 2!380 mace in these runs to alleviate valve instability by increasing the
damping associated with the Z - Z3 motion. Practical increases in this damping term
did little to the stability, however,

Following the initial exploratory runs, a series of runs were made to examine the
functioning of the “‘optiniized" band-pass shock strut over a range of variables normally
encountered in cervice. This included:

1. Point of stroke at which bump 1n:pact occurred.
2. Variations in airplane sink speed.
3. Variations in airplane forward velocity at impact.

In addition, variations on several of the band-pass parameters were carried ovt to
establish if any improvement in perforrance could be gained by slight changes in
these parameters:

1. Control chamber inlet orifice s1ze (A 3).
2. Control chamber outlet orifice size (Ayg).
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3. Contro! chamber volume (x3)
4. Plunger valve cross-secticnal area (A 3)
5. Control chamber preload (Rs)

The ettect of the particular instant of time during landing impact at which bump impact
occurs is shown in Figure 3-14 and Figure 3-15. The complete computer results of
these runs are given in Figures 16 through 31 in Ref2rence 8.

Figure 3-14, inwhich the main mass acceleration vs. stroke is plotted, illustrates the
improvement obtained by use of the band-pass mechanism. For low loads, those at two
and four inches of stroke, the band-pass mechanism does little to improve the main

mass acceleration due to the fact that the valve preload keeps the band-pass mechanism
esseatially closed. Once the vertical locad has reached about 70,000 pounds, the band-pass
mechanism begins to function effectively and main mass acceleration brought about by
bump impact is cousiderably reduced. Figure 3-15 indicates that there is very little
alleviation cf the tire vertical load during bump impact through use of the band-pass
mechanism.

Tae ifent of airplane sink speed on the functioning of the band-pass unit 1s shown in
s s 3-16 and 3-17. These {igures give the main mass accelieration and tire vertical
Inaa vs. stroke for Runs (105) through (116). The complete computer results of these
runs are given in Figures 34 through 45 in Reference 8. Here, again it can be seen

that the band-pass shock strut effectively reduces the loads transmitted to the main mass
ol the airplane when the vertical landing impact load 1s high. The series of drops at

12 ft. sec. sink speed show no improvement :n bump 1mpact loads due to the valve pre-
load. On the other hand, the bu np impact loads developed 1n the 23 ft. sec. drop show a
slightly higher percentage rea._ction than thuse previously deteriained for the nominal
sink speed of approximately 20 ft. sec.

The high sink speed drops also indicate that the 50-pound preload of the control chamber
spring 1s sufficient to maintain the band-pass mechamsm closed {or the ful! range of
sSiNK speeds,

The eftect of mirplane forward velocity 1s shown in Figures 3-18 and 3-19. Tie first
figure 1s the maln mass acceleration vs, strut strokeforaforwardveiocity of 2300 1n. sec.
The second figure shows the same varwables for @ forward < elocity of 3400, It can be
secn that bump impact loads merease with veiocity, The ymiprovement gained by uge !
the band-pass mechanism 1s least [or the lowest velootiv ot 168 imvhes of slrohe &
the elgbl-iach stroke position, however, il three forw o selocities, nomnal, 2300

i secs and 3500 0. secs result inapproximately the same dedt ce ot tmpees cment i
the maih mass aoeeleration,

As previous!y menbioned, parameter variatih o studies were carried ou! tar A
Vo Ay ansd R Vidve gaan was not studied s

s A2
: el was determined sn the course of
the mitscelianeous exploralory runs that anv s0ght icrewne 1 vialve wain would resuls
inanstaby ity at the near-compressed stout onsiGonr, vValve mass and control Chambes

spring tate were found Go aave neglig@ible ot wy i

connpectien with the stmphiied mosded

NERCTHE DAy previocusao studied o

froxt oontitued on pate o0 L
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The effect of A,3 is shown in Figure 3-20, in which the main mass accele. ation brought
on by bump impact is plotted against A 3. Here, the ratio of A g to A_, was not main-
tained fixed so that the smaller values of Ag3 would require a preloa ?arger than the
nominal value of 50 lbs. Therefore runs were made with both 50 and 100 1b. preload at
the lowest value of Agg (.005 in. ) Comparison of the points for the bump impact, at
eight inches of stroke, reveals tl.e same general trend previously seen in Figure 3-7B.
However, the points for the bump impact at 16 inches of stroke seem to violate previovs
contentions that decreases in A ~ Cecrease the load transferred to the main mass,
since the orifice size results in - ' 2¢r incremental main mass acceleration. The
reason for this is the severe instability encountered with the combination of reduced inlet
orifice area and reduced dynamic chamber volume. Extreme filuctuations in the P
pressure resulted from the valve instability thus increasing the main mass acceleration,
The optimum value on A03 appears to be in the vicinity of .010 in.2,

The effect of A;9 on main mass incremental acceleration is shywn in Figure 3-21,

Since increasing A,g decreases A 3/A02, higher preload is required for the higher values
of Agg. The combined effect of mcreased Ag9 and increased preload at the larger values
of A9 bring about higher loads for the bumpzimpact occuring at 16 inches of stroke,
Reducing A, 9 increases the ratio of A o thus resumng in higher loads. The optimum
value of Aoz appears to be in the vicirﬁty o? 001 in.2

The effect of v3 on main mass incremental acceleration is illustrated in Figure 3-22.
Here the nominal value of 3.0 in.3 is near optimum. Increasing vq leads to instabillty
and severe fluctuations in the dynamic chamher pressure. The 285 ft./sec.2 increase

in the m2in mass icceleration for vy = 5, in Figure 3-22, is not precise since the com-
puter overloaded during this instability, exaggerating the Pl pressure fluctuation.
However, the accelerations developed prior tc saturation were considerably greater than
those developed for vy = 3.0.

A similar effect is obtained by decreasing 3- The instability resulting from reducing

g to .50 in.“ is shown in Figure 3-13. Increasing A g to 1.00 in. 2 alleviates the
1nstnbiutv but increases the main mass incremental gcceleratxon Figure 3-23 indi-
cates that the velue of 785 in.2 is near optimum for thig parameter.

The effect of preload on the main mass incremental acceleration {8 shown in Figure
3-24. As expected, reducing preload decreases the main mass incremental acceleration.
Reductions below 50 pounds cannot be tolerated however, since this would result in

the band-pass valve cpening for dink gpeeds in the vicinity of 23 ft./sec.
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GENERAL CONCLUSICNS FROM ANALYTICAL STUDY

1.

where

A luw pass hydraulic band-pass mechanism can be acdaptec to moderp airplane
landing gear shock atrutc to reduce the loads transmitted (0 the airframe.

The load reduction that can be realized by such a device is on the order of 50
percent of those additional loads imposed by high frequency bump input occuring
during landing impact.

A band-pass mechanism within the shock strut will not significantly reduce
impact loads on the wheel and tire.

The design of a band-pass mechanism for any ziven landing gear application
can be carried ovi using the simplified model derived in this study. Parameter
adjustments to cbtain near optimum performance of the unit based on the

simplified model agree with those of the model of the complete landing gear
system.

The natural frequency of the vaive should be within the following range

L z -
/2<-;’-;- 48 2 Al < 45
2mY /i M,

A = wave length of input bump load
v = forward velocity of airplane

Preload of the valve can be determined from Equation (7). Valve preload
should be adjusted to a value slightly above that resulting irom the highest
stroke velocity during landing impact.

A band-pass mechanism for the A3J-1 shock strit should be desigaed to have
the following numerical values for its parameters:

9= .001in.2
Apg = .010 in.2
Aps = ,785 in. 2
= 10.0 in.2/in,
KS = any value convenient
M3 = .00035 to .00070 Ib.sec.2/in,
R~ =50 lbs.

A preliminary design of such a valve is shown in Figure 3-25

The analytical study indicates that stability will be a limiting factor in
design, If the stablility question wi < not of concern, several of the above
parameters could be adjustcd to give greater attenuation of bump impact
loads transmitted to the airframe. The probiem of valve stability will have
to be carefully examined in the experimental phase of the program.

3-57




IS HO0yS Jean Juipue] UTEW [-LEV
uedlrdwy yiaoN 03 paydepy 11U ssed-pued jo udisa(q Areutwidag '¢Z-¢ 9andig

HIGSANVHD DIWNVNXAG LOYLS YOOHS ,/

b g

e,

(z’NI 0100 = VANHY)
AOIAMO LIAINI dHENYHO TOHINOD €0V —

N\

I
l
|

~4

. 74

ITATHO ONTHALIW NIVA

/
i
u_,
N2
”
("NI/zNI 01 = NIVD) ADIATHO TTIVIHVA - “ ‘Q\
N ' ;
(3 NISEL'0 = VIHY "\ | 0. Q& . T T
TYNOLLOIS mmomo:.zuwﬂ.omm.mq 0L000°0 <Y %\ -
OL §£1000°0 - SSYI) FATVA HIDONNTd SSVA-ANYE ~_ Z >
~¥ >N // Y
HAGNYHD ¥IV LNYLS IDOHS NN 1%
~ ‘N 17
('S€T 0§ = QVOT1HYd) / 1 uﬂw*w\m_
b

ONIMd S HIAWVYHD TOYLNOD __
~
(g'NI 00°€ = AWNTOA) 7
HAGAVHD TOU.LNOD SSVd-aNVd —

AN

-/

-

ar
—_—

|

\

NN RN

FLNL LYOddNS DLATHO ——--—F

Lz‘j

-y

o S beng e
, 3 G
‘ Vasas s

INTW.LSNIAVY ayOTddd -—————

N

7

I

o K.

v

A\

NId ONIHALIN —- R Y
(VAUY z'NI 100°0) 3OI4IHO Abe

LATLNO YAEIWVHD TOHLNOD ‘20y

3-58



SECTION 1V

TECHNICAL DISCUSSION -
EXPERIMENTAL PROGRAM

Test Request SDT-3£28 was written to cover the experimental program. The theoretical
program gave methods of design and optimization of a band-pass urit for application to
any particuiar shock strut. The purpose of the experimental study ‘vas to confirm these
methods by correlation with the computer program.

TEST SET-UP

The modified A3J-1 MLG was mounted in the drop tower above the 120 inch dynamometer.
(See Figure 4-1). Spacial geometry at the aitichment points eimulated the actual in-
stzllation of the landing gear in the aircraft. Safety cables were attached to the hoist
used for raising and lowering the overhead platforin. These catles were a safety feature
providing means fcr raising the rlatform rapidly in case of failure of any part of the
landing gear. These cables however, did limit the drop height to that providing a 19.8

foot per second impact velocity.

Two difierent types of cable throwing devices were used. The (irst was a steel tube with
one end medified tc hold the cable. The other end of the tube was pinioned so that the
tube could swivel over the dynamometer wheel, Four inches of cable rasted on tais tube
with the remaining cable overhanging the flywheel. The tube was spring lcaded and held
in place by a magnet. Wheu a drop was made, the platform activated a svitch which
released the cable. Proper location of the switch determined the positior. of strut strcke
at which time the cable would pass under the tire. This type device proved not too
successful. The main problem was to develop sufficient forze to force tae cable segment
between the tire and the flywheel. A seccond device was fabricaced whereby the cable was
pulled aiong two guide rods and under the tire by two aircraft shock code. These shock
cords, acting as springs, were stretched before the release of the drow rig. When a drop
was made, the rig would throw a switch which released the cable. By a:oving the switch,
the time at which the cable went under the tire could be aitered.

This system, although workable, was nct completely adequate. In retrospect such eg .ug
on a dynamometer flywheel i€ not recommended for the future.

SPECIMEN

The band-pass unit, Bendix Assembiy Number RXD-18342, was designed for the North
American A3J-1 Main Landing Gear. Detail drawings are numbered RXD-18343 through
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Figure 4-1,

A3J-1 MLG Test Installation




RXD-16362. The orifice support tube was the only part of tne A3J-1 strut that had to be
modified in order to install the band-pass unit :nto the strut. The additional weight of the

unit is approximately eight pounds.

The strut was a left hand main landing gear shock strut, Bendix Assembly Number
170€87. The metering pin and orifice used had Bendix Part Numbers 170777 and 170764
respectively. This was the metering pin - orifice combination that was developed in the
Headix drop test and has the orifice area used in the analytical studies. Figure 4-2
shows the band-pass mechanism.

INSTRUMENTATION

A Consolidated Electrodynamics Corporaticn Recording Oscillograph, Type 5-114-P4 was
used to obtain traces cf vertical fork load, strut stroke, rig acceleration, ungprung

mass acceleration, air pressure, hydraulic pressure, tiic pressure in the band-pass unit,
the band-pass valve travel, and an indication of when the cable was underneath the tire.
These were recorded with respect to time. The methods of picking up the individual
parameters are described in the following paragraph.

Vertical Fork Load

Several strain gages were mounted on the fork and the output of gages measured for
vertical load and for drag load. Two gages were wired in series to cancel out the inter-
action of drag load and the output of the gages recorded on the oscillograph. However,
the vertical and drag loads applied during calibration were low in comparison to the
drop loads experienced. Also, the effect of side load is unknown. For these reasons, the
fork load was used as an indication of the relative loads and not a measure of the actual
load.

Strut Stroke

A sliding contact on a wire was used to obtain an oscillograph trace of the strut stroke.
The linearity trace was proven before the test was started. The stroke is calibrated by
physically measuring the maximum stroke after each drop and equating this tothe maxi-
mum deflection on the oscillograph.

Rig Acceleration

A Statham accelerometer was mounted on the rig near the center of gravity. This
acceleration is linear for the range measured. A calibration oi one 'g' can be measured
during free fall for each record.

Unsprung Mass Accelerometer

A Statham accelerometer vas mounted at the axle on the fork side of the strut. The
calibration factor for this accelerometer is 100 g's.

Air Pressure

A precalibrated pressure capzule, was used to measure the air pressure. This capsule
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Figure 4-2. Band-Pass Mechanism




was mounted at the filler plug. Calibration of the capsule is linear and the calibration
factor is 610 psi.

Hydraulic Pressure

The hydraulic pressure below the orifice was measured by drilling a hole in the meter-
ing pin diaphragm. A precalibrated pressure capsule was attached tc the diaphragm at
this opening to create a continuovs passageway to the capsule. Calibration of the
capsule was linear and the callbration factor is 3850 psi.

Internal Pressure in Band-Pass Unit RXD-18358

Part RXD-18356 was instrumented with strain gages to read hoop tension. The output
of these gages was measured as a function of pressure. The calibration of these gages
was linear and the calihration factor is &79 psi.

Iand-Pass Valve Travel

The travel of the slide valves in the Band-Pass Unit was measured by using a Bently
distance detector system. The sensing head is a pancake-wound coil which is loaded by
the pressure cf any conductive material. The distance the conductive material moves is
determined by voitage change of the control unit. This is measured by galvanometer
deflection on the oscillograph. The calibration of oscillograph deflection versus valve
travel is in Figure 4-3.

Time of Cable Impact

A wire wase attached to the cable that would break when the cable went under the tire.
This broke the circuit to the oscillograph causing an abrupt galvanometer trace
deflection.

TEST PROCEDURE

The gear with the band-pass unit installed was mounted as previously described. An
extended strut air pressure of 186 psig was used for all drops.

A tire pressure of 250 psig and the band-pass unit blocked wag used to start the test
work. Initial drops were made at a low drop height and the drop height increased in
increments using the cable for all drops. This was done to establish the size of the bump
impact. Even though the cable was going under the tire at or n=ar the peak load, the load
increase due to the cable was small.

The bump impact would be worst, i.e. have higher load increase at or near a flat tire
condition. Therefore, the tire pressure was reduced in 25 psi increments. At 175 psi
tire pressure and 15 feet per second sink speed the incremental load increase due to
the cable was significant,

The test program was continued and {inished using 175 psi tire presaure.

4-5




4-6

OSC. DEFLECTION INCHES

2.0

1.5 |

1.0

——

/

|

T
!

J

|

J

0 .010 .020 .030 .040 .050 .00

.70

VALVE TRAVEL INCHES

Figure 4-3.

Band-Pass Valve Travel




An outline of the conditions and the drops made at those conditions follows:

L

III.

Normal Strut Configuration (i.e. No Band-Pass Unit) Part Il SDT-3528.

A. Without cable, (normal drops).
B. With cable.

Botl made at 10, 12, 14, 15, 16, 17, 18 feet per second sink speed, Graphs of
strut load versus stroke have been plotted for the above and appear n Figures
4-4 to 4-10.

Nominal Band-Pags Configuration Parts I and IIf SDT-3528 .001 outlet crifice,
.010 Inlet Orifice, 60 pound preload on spring.

A. Without cable.

B. With cable,

Botti niade at 10, 12, 14, 15, 16, 17, 18 feet per second sink speed.

For Part I and II the lower drop heights, uncer 38.5 inches which is 14 feet per
second vertical velocity, the cable impact load is small enough so that it is hard

to distinguish normal variation of the load curve from the cable impact loads.

Graphs of strut load versus stroke have been plotted for the above and appear on
Figures 4-11 to 4-16.

Parameter Changes - All drops at 17 feet per second made with and without cable.

A. 0il Volume Change Part VII SDT-3528.
1. Reduced 35% (Maximum change that could be accomp'ished).
2. Reduced 25%.

B. Nominal Oi! Volume - Change iniet and outlet orifices so that th. ratio of
areas was 10. Part V SDT-3523.

.002 Inlet .000Z Outlet.
.005 Inlet .0005 Qutlet.
.015 Inlet .0015 Outlet.
.020 Inlet .0020 Outlet.

..bb)wv—

C. Inlet orifice changed, outlet constant so ratio changed. Therefore spring
preload had to be changed (Nomina' M0, .001 60 1b.) Part VI SDT-3528.

1. Inlet .005, Outlet .001 (Nominal) Spring Preload 125 Pounds.
2. Inlet .015, Outlet .001 Spring preload 40 pounds.

(text continued on page 4-25)
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D. Nominal Conditions Except preload on Spring 125 pound Part IV SDT-3528.

Graphs of strut load versus stroke and wheel load versus strut stroke have
been plotted for the above and appear in Figures 4-17 to 4-34.

Two of the graphs differ from the others to a degree that requires explanation.

On drops 280-281 (Figures 4-21, 4-22) the band-pass unit opened upon tire
contact with the dynamometer. With the unit cpen, the net orifice area is in-
creased which decreases the hydraulic force. In order to absorb the energy,
the strut stroke is increased. On drop 281, the unit :losed earlier than it did
for drop 280 which means that after the unit closes, the load goes higher and
the stroke is less nn drop 281.

On drop 282 (Figures 4-23, 4-24) the unit opened prematurely, which lowers
the load early in the stroke, then the unit closed at mid-stroke and the load
was increased in the latter portion of the stroke.

The high sink speed rates asked for in Parts IX and X of Test Request
SDT-3528 could not be accomplished in this drop rig.

TEST RESULTS

The cable load on drops 193 and 194 compared favorably with ti.e analytical work done on
this gear which is covered in Bendix Report SH-61-1. Graphs of load versus stroke for
these drops are in Figures 4-8 and 4-9.

It appears that unless the :able goes under the tire at a nearly flat tire condition that a
large portion of the cable impact is absorbed by the tire.

Cable loads of the size and shape of drops 193 and 194 were not encountered with a
nominal band-pass unit installed. For this reason it is inferred that the unit does reduce
the strut load. A direct comparison o. the size of the bump impacts is clouded with other
factors. If the cable were induced under the tire wher the load was level, and evajuation
of the unit would be more meaningful. If the cable goes under the tire when the tire is
unioading there is not a big bump in the ioad curve for the unit to react. As an illustra-
tion gee the graph on drop 230 in Figure 4-15.

In order tc get a comparison a graph of mean load versus incremental load was drawn
fer the cable impacts. The mean load is the load at which the catle was induced into the
tire print. The incremental load is the increase in load as the cable goes under the
tire,

This graph in Figure 4-35 shows a definite 1mprovement with ihe band-pass unit. Fro.n
the two Linea indicated, without band-pass and with band-pass, the reduction of the
incremental load 18 nearly fifty precent. Whiie the band-pass unit reduced the size of
this impact load tranemittud to the airframe the wheel loads do not show u change with
and without the unit. This 8 an important result. Figures 4-38, 4-37, ¢-38, and 4-39 are
oscillograms of drop testa that fall on the extremities of the two lines.
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The change of various parts of the band-pass unit were made to see if an improvement
in the performance of the unit could be accomplished. None of the changes indicated an
improvement, some indicated no change in the performance and others indicated a
worse performance., The following is an accounting of the changes.

I Oil Volume Changes

A. Reduced 37% - Cycling of the band-pass valve occurred. (This result agrees
with the theoretical studies).

B. Reduced 25% - No significant change.

I1. Nomina! Qil Volume. Change inlet and outlet orifices tugether sc that the ratio of
areas was 10. (Nominal .010 - .001).

A. .002 Inlet .0002 Outlet. This change resulted in opening of the valve upon tire
contact with the dynamometer.

B. .00%5 Inlet .0005 Outlet. {Same comment as .002 ~ ,0002).
C. .015 Inlet ,0015 Outlet. This change did not scem to alter the performance on
the unit.

D. .020 Inlet .0020 Outiet. Thie change Jid not seem to alter the performance on
the unit.

III. Ratio of the inlet to outlet changed along with the spring load.
A, Inlet ,005 Outlet .001 Ratio 5 125 Ib. spring. No significant change.
8. Inlet .015 outlet .001 ratio 15 40 Ib. spring. No significant change.

IV. Nominal Conditions except for 125 pound spring load. The stiffer spring did not
allow the unit to open,

In essence 1t appears that the narameters investigated have a fair degree of tolerance
before the unit 1s adversely affected,
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SECTION V

EVALUATION OF RESULTS,
CONCLUSIONS AND RECOMMENDATIONS

THEORETICAL ANALYSIS OF McDONNEL F4H-1 MLG MODIFIED TO INCLUDE BAND-
PASS UNIT

The work accomplished during this phase of the program included the following items:

1. Incorporaticn of changes in the mathematical model as specified in the contract,
namely modifications of the model to take into account the pitch angle of the
landing gear and airplane.

2. Changes in the rnathematical model found necessary for simulation of the cable
impact phenomena, namely, modification of the tire model tc one having regions of
differing elasticity and modification of the bump contour to simulate the tire niode
shape,

3. Computer investigation of the F4H-1 ML system with a band-psass unit for
normal landing and bump impact conditions.

4, Analysis of computer results.

8. Investigation of pcssible modifications in the F4H-1 MLG to make it adaptable tc
2 band-pass unit.

It was concluded from the computer results that a band-pass unit will not function
properly in the F4H-1 main gear. The inability of the band-pass unit to function was
tracec to the presence of the high pressure air chamber in series with the strut orifice
flow.

Based on analytical studies of a conventional system it was concluded that a conventional
gear should not have tnin same difficulty. The band-pass unit should be able to antici-
pate the high load from bhump impact due tc its sensitivity to the rate of pressure buildup
in the dynamic pressure chamber of the strut.

Based on studies of the F4H-1 goar structure it was determined that mechanical changes
in the gear could be m~nde to eliminate the time lag effect of the high pressure chamber.
Such changes would require a "paper'’ redesign of the pin configuration to duplicate air-
plane characteristics.
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It was recommended that the band-pass development prograir ve continued using

another more conventional landing gear system, such as the A3J-1 or the FOF main gear,
rather than 2 modified F4H-1 main gear. The zimulation achieved in this study was

felt to be sufficient to warrant a more extensive analytical study of the band-pass
principle, as applied to the landing gear shock strut, than that originally proposed. Such
an extension would allow the detailed study of the loads transmitied into the wheel and
unsprung mass by bump impact in addition t» the study already proposed in which band-
pass was to be evaluated on only the net improvement it provided in the loads transmitted
to the airfrawe proper. In addition, miscellaneous exploratory studies such as that
undertaken to improve the tire model, were felt to be in order in this study.

THEORETICAL ANALYSIS OF NORTH AMERICAN A3J-1 MLG MODIFIED TO INCLUDE
BAND-PASS UNIT

The work accomplished during this phase of the program included the following items:
1. Development of a simplified mathematic~! model of the band-pass mechanism.
2. Linearized study of this model.

3. Analog computer study of the model.

4, Tire model investigations.

5. Study of the complete landing gear system with and without band-pass by analog
computer simulation,

The general conclusions from this phase of the program were as follows:

1. A low-pass hydraulic band-pass mechanism could be adapted to modern airplane
landing gear shock struts to reduce the loads transmitted to the airframe. The
load reduction that can be realized by such a device is on the order of 50% of
those additional loads imposed by high frequency bump impact occurring during
the landing impact.

2. A band-pass mechanism within the shock strut w il nct significantly reduce impact
loads on the wheel and tire,

3. The design of a band-pass mechanism for any given landing gear application -an
be carried out using the simplified model desired in this study. Parameter
adjustments to obtain nea: optimum performance of the unit based on the simplified
model agree with those of the model of the complete landing gear system.

9. The naturai frequency range of the valve was determined.
5. The spring preload of the valve was astermined.
6. carameters for the design of a zand-pass unit for the A3J-1 MLG were determined.

A prelimunary design of this mechanis'n was made.




1. The analytical study indicated that valve gtability would be a linuung design tactor.

EXPERIMENTAL ANALYSIS

The test program was brought to a successful conclusionbut not without overcoming a
number of extremely difficult problem areas. It would be more proper to say that some
of these problems were partia'ly overcome. The siriulation of actual aircraft landing
conditions by laboratory methods can never be 100% accurate. Now, when we consider
the simulation of some of the most severe overload landing conditions, the accuracy
level is greatly reduced.

The North American Band-pass modified A3J-1 MLG was mounted in the drop test
tower above the 120" dynamometer as described and iilustrated in Section IV,

One of the first problems arises in providing horizontal velocity increments through
rotation of the f{lywheel rather than strut velocity relative to the ground. Flywheel
curvature affects spin-up and spring-back loads ani the tire footprint configuration as
well as loading. The steel flywheel surface provides a variation of tire friction
coefficient especially since thn tire rolls over the same surface many times. The above
tzotors can be neglected or considered minor, in a large number of tests that can be
performed in this facility. However, when we compound the sitvation by throwing 2 ste:l
cable between the tire and the fiywheel at an instart at which we hope the tire 1s flat,
aumerous problems arise.

The landing condition to be simulated in the test program was as follows. An aircraft
carrier landing occurs do: ing which the tire, in a nearly flat condition, impacts one or
more arresung cables. A second laboratory simulation preblem arises 1n that sufficient
load must be develuped at time of cable encounter :o flatten the tire. If we faithfully
reproduced thig condition, landing gear failure could result. Numerous variations of
tire pressure and drop height were required tc estiblish rezscnable incremental leading
from cable impact without attendant tire or wheel failure,

A third problem was the introduction of the cable between the t:re and the "lywheel. 'he
cable-throw mechanism used in the first scries of tests was adjusted so -hat timing was
fairly repeatable, However, the cable segment many times would not be accepted between
the tire and the flvwheel. Various shaped ana diametered segments were tried to
alleviata this problein. Eventually, a new cable-throw mechamsm, as discussed in
Section [V, was owlit. This mechanism proved better but not compleiely successful. On
several oc-asions, the mechanism failed and was torn apart, resuluing 1n rebuilding
deiays in the program.

The szfety of operating personnel was of prime convrn. There were many incudents
cable fallure or ricochet after .ne segment passed hetween the tire and the (ivwheel.
blowa tires. failure of the throw pechanism comporents, and wheel and flvwh-ei damape.
No one was injut od during the course of the prograr.

In addition to the above special problems, 18 the general problem of repeatamiiity. Faen

with converiional shock struis, there is vartation in loads developed for identical
conditions. Loads vary tor ihe same ghock struta as well as for those within a ceiiain
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type. Add to this the complicaticn ¢! =n internal band-pass unit and the problem is
magnified,

263 drop *ests were conducted during the progre- It was difficult, because of some of
the factors mentioned abov-:, to clearly deline ¢ tative resuits. Qualitatively, the
experimental drops correlated with the a alytica' sults.

OVERALL RESULTS AND CONCLUSIONS

Results of the overall program can be summarized as follows:

1. A mathematical model was constructed and equations ..erived that successfully
represented the impact of an aircraft landing gear with the ground and subsequent
impact with an arresting cable.

2. Th+ nonlinear equations were linearized and re .ulting solutions were adequate.

3. The theoretical analysis was used to design optimum band-pass units for the
McDonnell F4H-1 MLG and the North American A34-1 MLG.

4. A band-pass unit was fabricated and incorporated into a modified North Americun
A3J-1 MLG shock strut.

d. The band-pass modified A3J-1 landing gear was mounted in the drop tower above
the 120-inch dynamometer. Two different cabie-throw mechanisms were designed
and installed. The test program, incliuding hand-pass unit optimization studies,
was run to completion.

Details of the res.Its and conclusions have been cesr.ribed in previous gections. A
summary of some of the most important conclusions fcllows:

1. A band-pass unit can be designed through a computer program. In the case of the
modified A3J-1 MLG shod 't strut, an analog con-puter was used. The mathema.ical
model, equationz, and simpli.ications were adeyuate to evaluate any given system
and design an optimum unit {or any g' en strut.

2. A band-pass modified shcck strut alleviates incremental tvads into the aircraft
structure through the ¢ear attach points caused by arresting cable impacts. Both
theoretical and exp« imental resuits 1ndicate that the reduction 1n rveremental
load 1s up to 50¢,

3. A bana-pass modified shock strut does not alleviate, to any appreciable degree,
those inccemental loads into the unsprung mans of the landing gear caused o
arvesting cable impact. Py unsprung mass, we refer to the tire, wheel axle and
inner shock strut cylinder. This 18 due to the impossibility of accelerating the
UNsprung mass auring the short 1mpact duration.

3b

The band-pass u..t does not imerfere with normaij landing gear operation. Neither




is it sensitive to small parameter variations.

In conclusion, it is recommended that the band-pass modified shock strut be further
tected at soine future daie. These tests could be aircraft taxi tests or runs on the

Langley Landing Loads Track. It would be possitle to test under more extreme impact
conditions.
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APPENDIX A
McDONNELL F4H-1-MLG

THEORETICAL STUDIES

GENERAL.

A schematic of the first type of band-pass mechanism installed on the orifice support
tube is shown in Figure A-1. This particular mechanism has two functions. The first
function is to provide an orifice area which is sensitive to the strut stroking velocity.
The second function is to provide a mechanism which allows a free-flow fluid to return
into the lower chamber during the re-extension portion of a "bump' cycle without

cevitating the lower chamber.

The first function is achieved by locating a chamber above the plunger assembly and
allowing restricted flow into this chamber from the lower chamber of the strut. When
the stroke velocity is hieh,the flow intc the control chamber will occur at a nigh rate,
For this condition, .he pressure drop across the orifice A3 is large so there is a net
upward force on the plunger agssembly causing it to rise and increase the orifice area

Ao, When the stroke velocity is low, the pressure drop across A,3 :s small and provides
a sufficiently high preload in the return spring to reseat the assembly, giving the mini-

mum orifice area,

The second functicn (that of a dump valve 70 allow pear free flow back into the lower
chamber during short re-extensions) is achieved by adjustment ot the areas Apg, Agqq,

Ago and A,. When Pz is greater than Pl the net force on the plunger assembly is upward,

A=l
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Figure A-1, Schematic of Type I Band-Pass Mechanism
Installed in Orifice Support Tube




A third function (that of frequency sensitive snubbing action as mentionad in Reference
1) has been omitted since the type of snubber shown in Reference 2 will not operate
properly, for a three tube strut, This is due to tae fact that high pressure acting over
the area A. re-extends the strut and cavitates the lower chamber - even with the
snubber spider completely closed. To be effective, a time lag snubber must be located

between the inner and outer cylinder and the upper aad lower bearings.

The Type Il band-pass mechanism is shown in Figure A-2, The basic principles of the
mechanism are the same as the Type I unit except the functions have been separated,
The reasnn for consideration of this type of unit resulted from an examination of the
equations of motion for the Type I mechanism. In order to derive some indication as
to how the Type I vnit would perforn under given conditions, (i.e. the interrelationships
between the variables ¢f rhe unit) a complete solution should be run, This makes it
extremely diificult to design a unit since "rules of thumb' cannot be developed. On the
other hand, the operatio. of the Type II unit does not invelve large interplay between the
dump valve functioning and the frequency-sensitive orifice function, Thus, even without
the complete solution of the equations of motion of the system, ""rules of thu.b" can be
developed for the Type II unit which allow the preliminary design of the band-pass unit.
Such items as the orifice areas A,3 2nd A, g, the piston area, Ap3, and the «poring and
mass in tite unit can be determined by considering maximum response time, fliw rate

as a function of orilice size, and other criteria,

The Type Il band-pass mechanism represents the most feasible design problem and was

used in the apalytical studies of Task L.
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Figure A-2, Schematic of Type Il Band-Pass Mechanism
Inetalled in Orifice Support Tube
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DERIVATION OF THE EQUATION OF MOTION - TYPE I BAND-PASS

The followin  analysis considers the landing gear as a five degree of freedom system.
The five degrees of freedom are: Z,, the vertical motion of the .nain mass; Z9, the
vertical motion of the unsprung mass, Z3, the vertical motion of the control piston of
the band-pass mechanism; Z4, the vertical motion of the band-pass plunger; and x, the

fore and aft motion of the lumped mass at the axle,

A free body diagram of the main mass is shown in Figure A-3. The forces acting on
the main mass consist of:
(1) t&~ uressure P9y acting over the area Ap2
(2) the pressure Pg acting over the area between the innet and ouier cylinders
(3)  the pressure Py acting over the area Apl
(4) alift force L
(5)  the weight of the mass M;

(6) a bearing friction force of Fy,
The equation of moticn for the main mass is therefore
Mlil-‘rL+PzAp2+P1Apl-P6Ap6-M1g+Ff : 0 (1)
During compression of the strut the pressure Pg is nearly equal to Pq since the snubbing
valve located between the inner and outer cylinders and between the upper and lower bear-
ings allows essentially free flow into this chamber. If a time lag snubher is used, the
same is true for rapid recycling of the strut since the snuboer would not have time to
seat and restrict flow out of the chamber. For shock absorbing during impact, the
snubber valve would have no effect until some time after full compressive stroke was
reached, The action of the snubber therefore is not included in this analysis since 1t

may be anaiyzed separately. Thus it i8 assumed that Pg = Py. A free body diagram of
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Fi ure A-3. Free Body Diagram of Main Mass




the unsprung mass is shown in Figure A-4. The vertical forces acting on this mass
are:
(1) the pressure P, acting over the area A.+Ay, which is the end area of the

inner cyvlinder

(2)  the pressure P acting over the area Aol
(3) the pressure P6 acting over the area between the inner and outer cylinders
(4) the weight of the unsprung mass

(5) a vertical force from the ground, F,
(6) the friction force F;, With P6 = Py, the equation of motion is
MyZy+Fy-PyAp -PoA-Mpg-Fp = 0 (2)

The vertical force, F,, is a non-linear function of the tire defiection, § . This will be

discussed in more detail later.

The pressure Pg is caused by the compression of pressurized air con:1ined in the upper
chamber. Due to the flow of heat between the fluid and tne air, the compression process
is nearly isotherma! for moderately large stroke. For short strokes the process is
more likely adiabatic bu{, since the compression ratio is low, there is very little differ-
ence between isothermal and adiabatic processes for short stroke. In Reference 10,
page 24, it is conciuded that the variation of the polytropic constant between 1.0 and 1.3
~esults in only secondary effects on loads and deflection. ln this analysis the process

will be considered as isothermal for the reasons menticned above

P p
2 ® - e
1'@_92"‘\6)5 (3)
G
s e stroke of piston
where Vo * iniial volume

P, * initial air pressure,
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The effect on the pressure P9 of volumetric changes in the oil due to its compression

»re assumed to be accounted for by the use of the lower polytropic constant.

The pressure P, is related to P2 through Bernoulli's equation which in simplified form

is

fa (P1-P2) )
V2 2 — T
V [ V| pl'PZ ’
where vy = velocity of fluid through the main orifice. The quantity vg 18 determinec fro..

the continuity equation defining the flow out of the lower chamber, which for compress;ble

fluid .3 given by

e . YV

V = volume in lower chanber
where B = bulk modulus of oil and cylinder
V3 = veloeity of fluid into control chamber.
It can be noted that the total volume in the lower chamber is changing with stroke.
However, V/B will be considered constant in that the only time its effect is significant

is for high-frequency low-amplitude operation, under which condition 1t 18 essentially

constant,

Again from Bernoulli's equation the velocity of flow into the control cnambers 1s given

by

JT (PI-P )
1:¥, 75 (6)
> VPP

The orifice area A, 18 given by sorae function of (Z3-Zy) . which 18 the plnger




dispviacement relative to the orifice plate, This function will be designated, q.

The flow aut of the control chamber is given by

P,-P
oy ®
{73772
The continuity equation for the flow of fluld into the control chamber is given by
C pAo3¥3-CpPo2's = (Z4-Z1)Aps (9)

A {ree body diagram of the plunger mechanism is shown in Figure A-5, The plunger
mechanism can become linked to the corn ol piston when the retraction collar comes in
contact with the upper surface of the plunger cavi'y. The possibility of the retractior.

collar coming into contact with the lower surface ic excluded.
From Figure A-5, the eguation of motion of the piunger is
M3iZ3-g)+K 1 Z3-24)+Ra+P Agg-FaAgg = 0 (10)

As was the case with the plunger, the force Rg 18 introduced to take the place of the
spring preload and the coordinatesof Z4 and ¢, are chosen such that, when impact

occurs Setween the retraction collar and the plunger assembly, (24 : Zl).

The reaction Ry supplies a force resulting {rom the preload of the main spr . [t

could be eliminated by the proper select.on of Zgq and 240 put 1t 18 desired that Z4 and

Z4 ahould be on a acale such that, when Z3 = 74, ‘mpact between the orifice plate and

the plunger tases place.
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From Figure A-6, the equation of moticn of the control piston ig

M*(iq-g)ﬂ(r(z‘-Zl)+Km(Z4- Zs)+P2A41- P3Ap3-R3+P1At+R2 =0 (11)
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Figure A-6, Free Body Diagram of Control Pistons

Mathematical Model for !mpact‘getwe«»xhmdkg}wg_gr_ »gnd the Contrci Piston and Between

the Plunger and the Orifice Plates,

It 13 assumed that there is no loss in kinetic energy nor momentum auring impact be-

tween either M, and Mg or M3 and “8' This assumtion leads to a relationship between
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the respective velocities of the meagses befcre and after impact, Denoting velocities
before impact by the subacript B and velocities xfter impact by the subscript A, then

for impact between Ml and M3 (impact occurs at the time t when 23 = Zl and i3 > il).

. 1 . .
21A 15 (223}3+[7-1]Z 13) (12)
. 1 . .
where o ,_L_i_l_ (13a)
M3
Similarly for {mpact between Mg and M4
. l . . ‘
2oA T+ (2238*[3"‘] Zza) (14)
and
R— 287, +(1-812 (15)
Z3p=1+8 2B 39) ;
where
8 2
s T (15a
M3 { j

The reactions Ry and R3 are made compaiible with the above and the true preload.

The equations of motion after the impact for the various bodies will remain the same as

those betore impact vxcept that the inittal conditions wiil be such that ¢t *® !C¢0. ?.1 : zlA'

and ] e 714 where t. 15 the time of tmpact,
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Figere A-7. Kinematics of Impact with a Bump

The vertical motion of the main mass during bump impact is given by the following
equation &rawn from Figure A-7.

-2y . [u.no-ux-(m)] - [nou-a] «b-8-a
and ths vertical motios of the unsprung mass is given by
-2y« [beRy-4]- [R] * b @

These two equations may be raplaced by the more coavenient ones of
$ o N (V1) Zg (16)
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and

S = 24-2, (17)
The force F,, used in equation (2) is a function of § | the tire deflection

Fy =1 () (17a)
The friction force Fy is found by consideration of the free body diagram of the piston.
Taking momentis at point A

WN|r -$Nor|-F L+F l-Ng(a-8) = 0 {18)
Taking the summa:ion of forces in the horizontal direction

!‘Jl-r'lzd(x 32 0 (19)
and from the free body diagram of the wheel.

My+K,-Fp = 0 (20)
The 1riction force F¢ used previously is given by

8
Fp = (“”1'“”2’(—;‘) (1)

Taking the summation of torques acting on the tire givey

dw
L5 ° FpR (22)




e lég,”_‘_wwllﬁ e

Figure A-3, Coroplete Pres Body Diagram 3f Unaprung Mssa

A-16




The slip velocity of the tire is given by
Slp Velocity = V-x-wR
The drag force is given by

sz BEy , Vex-wit > 0 (23a)

FD --“TFV v-*-UR < 9 (”b)

where M. i8 the coeffi :ient of friction between the tire and the ground. ¥, wiil be con-

sidered as constant in thiz analysis although it does vary somewhat with the slip velocity.

“Wien there is no tire slip, the drag force is given by

F =1 4 (v-x (V-x)-wR = 0 (24)
D R dt R ¢
until
1 d /vl | ]
R &t\ R '

at which time Fg reverts tv sutaer equation (2Ja) or (23b). (When Fy is positive,

equation 23a is reverted to; when Fj 18 negative, equation 23b is used),

The above relationehips complete the analysis of the problemi. The one item which has
not been covered in the analysis is the {recuency sensitive re-extension snubber which

is necessary for the proper operation of the gear. This item may be analyzed separately.
Its effect on the section cf the system will not be significant if it operates properly.

This is due tc the fact that, for impast with 2 bump, the landing gear will re-extend us

t{ there were no snubber. in a later portion of the landing sequence the strut will

re-extend to reduce the internz] lcac on the piston #0 that it balances with the static load




on the gear. In this portion of the landing sequence, ths saubber closes and prevents
bouncing. However, this port'on of the sequence will not be considerad in the analysis
since it i3 not critical.

DERIVATION OF THE EQUATIONS OF MOUTION - TYPE I BAND-PASS

The eguation of motion of tho main mass {3 identical to that for the type | band-pass
My Zy+L+PgAng+PiAg -PeAog-MygeFy = 0 (25)
Likewise for the unsprung mass with Pg = Py
M3Zg+Fy-Pyhipy-PgAc-Mae-Fy s 0 (26)

The air pressure is given by

(27)

The velocity of fluid thrnugh the main orifice is given by

(P,-P
v3 .@ PPy (38)

|Py-Pa|

The continuity equation for the flow of fluid from the lower chamber is
Cpho¥a Cphas"s*Cnhos"s * Ap (zrz:)";-; by (29)
The term CpA,svs is the flow through the dump valve. This {low takes ,iace only when

p: )Pl
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Vs = 0 when Pp <Py

and
2 P, _ P
V5 3 —_— ( x - 21
» when Py > Py (29a)
viP1 - l’2|

The velocity of the fluid flowing into the control chamber is

Vs =‘/ 2 (B . 73 (30)
R SRR
The orifice area is given by some functicn of the piunger displacement relative to the

orifice plate
Ao = q (23-12Z,) (31)

The fl.w out of the control chamber is given by

2 (Pg_Py
\ :J; P (32)
BT

The continuity equation for flow of fluid into the control chamter is given by
CpAo3¥s-CpAozve *  (Z3-Z4)Ap3 (33)

A {ree body diagram of the plunger is shown below
1
FyAps
Mg ;
v MyZy
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Py Aps
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-

Figure A-9. Free Bodv Disgram - Plungar




Taking the summation of forces in the vertical direction gives

My(Z3-g)+P1Ap3-P3Ap3+K(Z3-Z1)-R3 0 (34)

For impact between the plungar and the orifice plate, which takes place when Z3 =2
’

and i3 > il’ the velocity of the plunger after input in terms of the velocities of the

plunger and the orifice plate before impact is given by

Zapn = _1 (243 1-v) Z )
3A 1”< B+ [1-7] Z3p (35)

and the velocity of the orifice plate after impact i given by
Z1A ¢ ——1_(2235 + [v-1] Zm) (36)
1+

where Y = My
M3

Since Y > > 1 the last equation may be simplified to

Z1A = Z1p (37)

Tue equation of motion coupling the fore and aft strut motions i the vertical motions

are ideniical to thnse previnusly derived for the Type [ band-pass unit.

M Nyrg- uNgri-F L+F 1-Nofa-s) = ¢ (38)
Ni-Ng#Ky = 0 (39)
M¥+K, -Fp s 0 (40)
Ff = uNy+.N2 (41)
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13 (W) = FpR (42)
Fp = WF, when (v-x) -wR >0 (43a)
Fp = -KF, when (v-x) -wR < 0 (43b)
Fp = Ili dit (V;‘) when (v-x) -wR = 0 (42c)
until
B & () e

b
A

at which time Fg reverts to either equation {43a) or "i3b). The tire detleciion i8 given

by
& = h(v-x)+2Zy
and the stroke by
S = Zy .2
The vertical {' rce Fy, is given by
Fye f (§)

It can be noted that, in addition to the initial condition, the airplane's velocity muat be
known as a function of time eince for carrier landings it {# not correct to assume that

velocity is constant in the period of impact.
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